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SUMMARY OF PROPOSAL 

Previous experiments with moving platform posturography have shown that 
different people have varying abilities to resolve conflicts among vestibular, 
visual, and proprioceptive sensory signals used to control upright posture. In 
particular, there is one class of subjects with a vestibular disorder known as 
benign paroxysmal positional vertigo (BPPV) who often are particularly 
sensitive to inaccurate visual information. That is, they will use visual 
sensory information for the control of their posture even when that visual 
information is inaccurate and is in conflict with accurate proprioceptive and 
vestibular sensory signals. BPPV has been associated with disorders of both 
posterior semicircular canal function and possibly otolith function. The 
present proposal hopes to take advantage of the similarities between the space 
motion sickness problem and the sensory orientation reference selection 
problems associated with the BPPV syndrome. These similarities include both 
etiology related to abnormal vertical canal-otolith function, and motion 
sickness initiating events provoked by pitch and roll head movements. 

The objectives of this proposal are to explore and quantify the orientation 
reference selection abilities of subjects and the relation of this selection to 
motion sickness in humans. The overall objectives of this proposal are ,to 
determine (1) if motion sickness susceptibility is related to sensory 
orientation reference selection abilities o f  subjects, ( 2 )  if abnormal vertical 
canal-otolith function is the source of abnormal posture control strategies and 
if it can be quantified by vestibular and oculomotor reflex measurements, and 
( 3 )  if quantifiable measures o f  perception of vestibular and visual motion cues 
can be related to motion sickness susceptibility and to orientation .reference 
selection ability. 

SUMMARY OF PROJECT STATUS 

Three test devices are required for the proposed experiments. They are (1) 
moving posture platform, ( 2 )  servo controlled vertical axis rotation chair with 
an independently controllable optokinetic stimulator, and ( 3 )  a two-axis 
rotation chair for the generation of pitch and roll motions. The first two 
devices are currently functional and are routinely used for both clinical and 
research testing. The moving posture platform software has recently been 
updated in order to provide a flexible method for quickly designing new 
experimental protocols. Work i s  continuing on the two-axis rotation device. 
The development of this two-axis rotator has been a major focus in the first 
two years and will be described in more detail below. 

Experiments involving the perceptual feedback technique developed by Zacharias 
and Young (Exp Brain Res, 41:159-171, 1981) have continued. We have increased 
the number of experimental subjects on a set of experiments designed to look at 
the correlation between vestibulo-ocular reflex parameters and the perception 
of rotation. We have also conducted experiments exploring the effect of 
time-delayed visual feedback on the perception of rotation, and the effect of 
time-delayed visual and proprioceptive feedback on posture control. 

TWO-AXIS ROTATOR DEVELOPMENT 

The two-axis rotator is a versatile, general purpose stimulator for vestibular 
and visual-vestibular interaction studies. It consists of two gimbals powered 
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by r o t a r y  h y d r a u l i c  a c t u a t o r s .  The i n n e r  gimbal produces 
t h e  sub jec t .  The o u t e r  gimbal r o t a t e s  t h e  s u b j e c t  about a 
passes through t h e  s u b j e c t ' s  ears. F i g u r e  1 shows a 
dev ice.  

yaw a x i s  r o t a t i o n s  o f  
h o r i z o n t a l  a x i s  which 
l i n e  drawing o f  t h e  

We have been work ing on 6 p r o j e c t s  r e l a t e d  t o  t h e  two-ax is  r o t a t o r  i n  t h e  pas t  
6 months. These a r e  (1) a c h i e v i n g  acceptable performance o f  p i t c h  a x i s  
mot ions,  ( 2 )  c o n s t r u c t i o n  o f  a c h a i r / r e s t r a i n t  system f o r  s u b j e c t s ,  (3 )  des ign 
and c o n s t r u c t i o n  o f  a o p t o k i n e t i c  (OK) p r o j e c t o r  and p r o j e c t i o n  screen, ( 4 )  
c o n s t r u c t i o n  o f  a DC servo c o n t r o l l e d  t o r q u e  motor  which w i l l  be 
in te rchangeab le  w i t h  e i t h e r  t h e  yaw o r  p i t c h  a x i s  h y d r a u l i c  a c t u a t o r s ,  ( 5 )  
development o f  a d a t a  c o l l e c t i o n  and s t i m u l u s  d e l i v e r y  program, and ( 6 )  
c o n s t r u c t i o n  o f  an on-board e l e c t r o n i c s  module. 

(1) P i t c h  A x i s  H y d r a u l i c  A c t u a t o r  

The c o n t r o l  o f  t h e  p i t c h  a x i s  movement has been a problem s i n c e  t h e  i n i t i a l  
i n s t a l  l a t i o n  o f  t h e  two-ax is  r o t a t o r .  S p e c i f i c a l l y  t h e  dynamic response 
c h a r a c t e r i s t i c s  have been poor. N e i t h e r  adjustments i n  t h e  feedback c o n t r o l l e r  
n o r  a l a r g e r  c a p a c i t y  servova lve  and accumulator t o  s t a b i l i z e  h y d r a u l i c  
p ressure  f l u c t u a t i o n s  were n o t  a b l e  t o  f i x  t h e  problem. S ince  t h e  des ign 
equat ions i n d i c a t e d  t h a t  t h e  p i t c h  a x i s  should be c o n t r o l l a b l e ,  we looked f o r  
another  reason f o r  t h e  poor c o n t r o l  and found i t  i n  a d e f e c t i v e  mechanical 
c o u p l i n g  between t h e  a c t u a t o r  and i t s  s h a f t .  The a c t u a t o r  and housing were 
sent  back t o  t h e  manufacturer  f o r  r e p a i r  and f o r  some o t h e r  m o d i f i c a t i o n s .  
have r e c e i v e d  t h e  r e p a i r e d  i t e m  and r e i n s t a l l e d  i t . T e s t i n g  has shown t h a t  
movement c o n t r o l  has improved s i g n i f i c a n t l y ,  and we a r e  s a t i s f i e d  w i t h  
p r e s e n t  performance. 

( 2 )  C h a i r / R e s t r a i n t  System 

The o b j e c t  06 t h e  c h a i r / r e s t r a i n t  system i s  t o  h o l d  t h e  s u b j e c t  f i r m l y  

We 
t h e  
i t s  

and 
comfor tab ly  i n  p o s i t i o n  d u r i n g  mot ion  o f  t h e  two-ax is  r o t a t o r .  The t e s t  
s u b j e c t  s i t s  i n  a k n e e l i n g  p o s i t i o n  w i t h  h i s  body h e l d  i n  a c h a i r  assembly. 
The c h a i r  assembly i s  n e a r l y  completed, and c o n s i s t s  o f  a f i b e r  g l a s s  race  c a r  
seat  mounted i n  an aluminum frame. The frame s i t s  on a j a c k  w i t h i n  t h e  i n n e r  
gimbal.  The j a c k  i s  usea t o  r a i s e  and lower  t h e  seat.  The s e a t  i s  supported 
from behind by two c ross  bars  which ride up and down on two stainless  s t e e l  
tubes. Lock ing mechanisms on t h e  tubes and c ross  bars  a l l o w  f o r  c h a i r  
adjustment fo rward  and back, l e f t  and r i g h t ,  and up and down. T h i s  adjustment 
assures t h a t  t h e  s u b j e c t ' s  head can be p o s i t i o n e d  a t  t h e  c e n t e r  o f  r o t a t i o n  o f  
t h e  two-ax is  gimbals,  and a l l o w s  f o r  some degree o f  o f f - a x i s  p o s i t i o n i n g  o f  t h e  
head. A second j a c k  mechanism and s l i d e r  assembly i n  t h e  base o f  t h e  c h a i r  i s  
used t o  p o s i t i o n  t h e  ang le  o f  t h e  s u b j e c t ' s  knees and then t o  r e s t r a i n  t h e  
knees i n  o r d e r  t o  s t a b i l i z e  t h e  lower  body. The two p r o j e c t s  which remain f o r  
c h a i r  comple t ion  a r e  a head h o l d e r  f o r  t h e  c h a i r ,  and a handle b a r  h o l d  w i t h  
p r o x i m i t y  swi tches f o r  emergency s topp ing  o f  a t e s t  by t h e  s u b j e c t .  

(3)  O p t o k i n e t i c  P r o j e c t o r  

The o p t o k i n e t i c  p r o j e c t o r  p r o v i d e s  a f u l l  f i e l d  v i s u a l  s t i m u l u s  t o  a s u b j e c t  
seated i n  t h e  two-ax is  r o t a t o r .  V isua l  f i e l d  r o t a t i o n  i s  c o n t r o l l e d  by a smal l  
t o r q u e  motor which d r i v e s  a s l i t  p r o j e c t o r  through gear r e d u c t i o n  b e l t s .  The 
compact p r o j e c t o r  can be mounted e i t h e r  above o r  t o  t h e  s i d e  of t h e  s u b j e c t ' s  
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head. Mount ing t h e  p r o j e c t o r  above t h e  head prov ides  a v i s u a l  s t i m u l u s  moving 
about t h e  s u b j e c t ' s  yaw a x i s .  Mount ing t o  t h e  s i d e  o f  t h e  head p r o v i d e s  a 
v e r t i c a l  OK s t imu lus .  Two d i f f e r e n t  cy1 i n d r i c a l  screens, one h o r i z o n t a l  and 
one v e r t i c a l ,  p r o v i d e  t h e  s u r f a c e  on which t h e  images o f  s t r i p e s  a r e  p r o j e c t e d .  
Some problems w i t h  t h e  smoothness o f  t h e  b e l t  d r i v e  and t h e  q u a l i t y  o f  t h e  
p r o j e c t e d  l i g h t  s t r i p e s  have been overcome. The mount ing systems f o r  t h e  
v e r t i c a l  and h o r i z o n t a l  axes p r o j e c t i o n  screens t o  t h e  two-ax is  r o t a t o r  have 
b o t h  been completed. 

( 4 )  E l e c t r i c  Torque Motor  

There i s  a c l a s s  o f  exper iments where sus ta ined r o t a t i o n s  a t  cons tan t  
v e l o c i t i e s  have proven u s e f u l  i n  i d e n t i f y i n g  v e s t i b u l a r  r e f l e x  responses 
r e l a t e d  t o  o t o l i t h  f u n c t i o n .  These exper iments i n v o l v e  r o t a t i n g  a s u b j e c t  a t  
cons tan t  v e l o c i t y  about an a x i s  t i l t e d  of f  o f  e a r t h  v e r t i c a l .  Sub jec ts  produce 
sus ta ined h o r i z o n t a l  eye movements under these c o n d i t i o n s .  Animal exper iments 
have shown t h a t  these eye movements a r e  t h e  r e s u l t  o f  c e n t r a l  p rocess ing  o f  
o t o l i t h  responses. 

Since t h i s  g r a n t  i s  i n t e r e s t e d  i n  o t o l i t h  f u n c t i o n ,  and sensory i n t e g r a t i o n  o f  
o t o l i t h ,  s e m i c i r c u l a r  canal ,  and v i s u a l  mot ion  i n f o r m a t i o n ,  we designed a DC 
t o r q u e  motor  system which would p e r m i t  cons tan t  v e l o c i t y  o r  very  low frequency 
r o t a t i o n a l  movements. The motor w i l l  be in te rchangeab le  w i t h  t h e  h y d r a u l i c  
a c t u a t o r s  t h a t  a r e  c u r r e n t l y  i n  t h e  two-ax is  r o t a t o r .  

The p r e l i m i n a r y  des ign  o f  t h e  motor housing was completed l a s t  year ,  and t h e  
des ign  was f i n a l i z e d  i n  January 1988 a f t e r  r e c e i v i n g  t h e  I n l a n d  motor. 
C o n s t r u c t i o n  o f  t h e  housing was s t a r t e d  a t  t h a t  t ime,  was completed i n  mid May 
1988, and was then d e l i v e r e d .  The motor i s  designed t o  have 120 f t - l b  of 
to rque,  and w i l l  be a b l e  t o  d e l i v e r  t h a t  to rque a t  a peak v e l o c i t y  o f  320 
deg/sec. H igher  v e l o c i t i e s  w i l l  be p o s s i b l e  a t  reduced torques.  

The power supply ,  t r a n s f o r m e r ,  and servo c o n t r o l l e r  necessary t o  d r i v e  t h e  
motor were r e c e i v e d  f rom I n l a n d  Motor Corp. We have completed t h e  w i r i n g  and 
i n t e g r a t i o n  o f  these components. Dur ing  t e s t i n g  and c a l i b r a t i o n  o f  t h e  motor,  
we d iscovered mechanical  motor  a l ignment  problems. The motor  was sent  back t o  
t h e  manufacturer  f o r  c o r r e c t i o n .  We have r e c e i v e d  t h e  r e p a i r e d  motor  and 
v e r i f i e d  t h a t  t h e  problem has been f i x e d .  

( 5 )  Data C o l l e c t i o n  and St imulus D e l i v e r y  Program 

To study t h e  eye movements evoked by v e s t i b u l a r  and v i s u a l  system r e f l e x e s  i n  
our  two-ax is  r o t a t o r  i t  w i l l  be necessary t o  r e c o r d  t h e  eye movements i n  
r e l a t i o n s h i p  t o  t h e  s t i m u l i  which cause them. I n  o r d e r  t o  do t h i s  t h e  exac t  
t i m e  synchrony between t h e  analog and v ideo s i g n a l s  must be preserved. We have 
made s u b s t a n t i a l  progress on a Modula-2 program which synchronizes t h i s  d a t a  
c o l l e c t i o n  and s t i m u l u s  d e l i v e r y  t i m i n g  w i t h  t h e  t i m i n g  o f  t h e  v i d e o  r e c o r d i n g  
o f  t h e  eye movements. T h i s  program a l l o w s  t h e  d e f i n i t i o n  o f  a r b i t r a r y  t h r e e  
a x i s  mot ion  p r o f i l e  (yaw, p i t c h ,  o p t o k i n e t i c )  i n c l u d i n g  ramp, s ine,  square 
wave, and cons tan t  p o s i t i o n i n g .  

( 6 )  On-board E l e c t r o n i c s  Module 

An on-board e l e c t r o n i c s  module i s  needed i n  o r d e r  t o  r e c o r d  v a r i o u s  
p h y s i o l o g i c a l  s i g n a l s  d u r i n g  t e s t i n g  on t h e  two-ax is  r o t a t o r .  The e l e c t r o n i c s  
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module has r e c e n t l y  been completed. I t r e s i d e s  on t h e  yaw a x i s  o f  t h e  two-ax is  
r o t a t o r ,  and c o n t a i n s  two channel EOG e l e c t r o n i c s ,  v i d e o  camera e l e c t r o n i c s ,  
and a pu lsed power supply  f o r  t h e  i n f r a r e d  v i d e o  camera l i g h t  source. 

PERCEPTUAL FEED BACK EX PER IMENTS 

I n  1981, Zachar ias and Young presented a method which a l lowed f o r  t h e  
q u a n t i f i c a t i o n  o f  a s u b j e c t ' s  p e r c e p t i o n  o f  r o t a t i o n  under t h e  combined 
i n f l u e n c e  o f  v i s u a l  and v e s t i b u l a r  cues. I n  t h i s  technique, t h e  s u b j e c t  has 
c o n t r o l  over  t h e  r o t a t i o n a l  mot ion  o f  t h e  c h a i r  by a d j u s t i n g  a po ten t iometer .  
Sub jec ts  a r e  seated i n  t h e  v e r t i c a l  a x i s  r o t a t i o n  t e s t  room w i t h  t h e  
po ten t iometer  mounted on t h e  arm o f  t h e  c h a i r .  The o u t p u t  o f  t h i s  
po ten t iometer  i s  summed w i t h  a v e l o c i t y  command s i g n a l  f rom a computer and t h i s  
summed s i g n a l  i s  d e l i v e r e d  t o  t h e  v e l o c i t y  command i n p u t  o f  t h e  c h a i r ' s  servo  
motor. The goa l  o f  t h e  s u b j e c t  i s  t o  c o n t i n u o u s l y  a d j u s t  t h e  po ten t iometer  so 
t h a t  he f e e l s  l i k e  he i s  n o t  moving. A " p e r f e c t "  s u b j e c t  would be a b l e  t o  h o l d  
h imse l f  s t a t i o n a r y  i n  space by a d j u s t i n g  t h e  po ten t iometer  so t h a t  i t s  o u t p u t  
was equal b u t  o p p o s i t e  t o  t h e  computer 's  command s i g n a l .  "Real"  s u b j e c t s  do 
n o t  remain s t a t i o n a r y  because o f  t h e  dynamics o f  t h e i r  mot ion  p e r c e p t i o n  and 
motor  r e a c t i o n  systems, and because o f  presumed imbalances i n  t h e  v e s t i b u l a r  
receptors .  

The r o t a t i o n  o f  t h e  s u b j e c t ' s  c h a i r  and t h e  v i s u a l  surround can be 
independent ly  manipulated. We have used 8 d i f f e r e n t  sensory environments f o r  
o u r  p r e l i m i n a r y  experiments. These i n c l u d e  ( 1 )  c h a i r  r o t a t i o n  i n  t h e  dark,  ( 2 )  
r o t a t i o n  o f  t h e  v i s u a l  surround w i t h  t h e  c h a i r  s t a t i o n a r y ,  ( 3 )  c h a i r  r o t a t i o n  
w i t h  t h e  v i s u a l  surround v e l o c i t y  equal  t o  t h e  c h a i r  v e l o c i t y ,  ( 4 )  c h a i r  
r o t a t i o n  w i t h  a cons tan t  v e l o c i t y  surround, ( 5 )  c h a i r  r o t a t i o n  w i t h  t h e  
v e l o c i t y  o f  t h e  v i s u a l  surround equal  t o  t h e  c h a i r  v e l o c i t y  p l u s  a cons tan t ,  
( 6 )  c h a i r  r o t a t i o n  w i t h  a s t a t i o n a r y  v i s u a l  surround, ( 7 )  c h a i r  r o t a t i o n  w i t h  a 
t i m e  delayed, ear th - re fe renced v i s u a l  surround, and ( 8 )  c h a i r  r o t a t i o n  w i t h  a 
t i m e  delayed, sub jec t - re fe renced v i s u a l  surround. C o n d i t i o n  ( 2 )  i s  used t o  
t e s t  t h e  motor  c o n t r o l  dynamics o f  t h e  s u b j e c t .  Cond i t ions  ( 1 )  and ( 3 ) - ( 8 )  
r e p r e s e n t  a v a r i e t y  o f  sensory environments i n  which t h e  s u b j e c t  i s  f o r c e d  t o  
dea l  w i t h  e i t h e r  accurate,  inaccura te ,  c o n f l i c t i n g ,  o r  absent sensory cues 
about h i s  mot ion.  Test  c o n d i t i o n s  7 and 8 add a t i m e  d e l a y  between c h a i r  
r o t a t i o n  and t h e  r o t a t i o n  of  t h e  v i s u a l  surround. Time de lays  a r e  of i n t e r e s t  
because o f  t h e i r  p o t e n t i a l  t o  d i s r u p t  t h e  c o o r d i n a t i o n  o f  r e f l e x e s  assoc ia ted  
w i t h  o r i e n t a t i o n  c o n t r o l .  

A t o t a l  o f  21  s u b j e c t s  have been t e s t e d  i n  a p r o t o c o l  which i n c l u d e s  t e s t s  o f  
h o r i z o n t a l  VOR f u n c t i o n  as w e l l  as t h e  e i g h t  perceptua l  feedback t e s t s .  The 
goal  o f  these p r e l i m i n a r y  exper iments was t o  (1) g a i n  exper ience w i t h  t h i s  

, t e c h n i q u e ,  ( 2 )  v e r i f y  t h e  r e s u l t s  o f  Zachar ias and Young, ( 3 )  extend t h e  
r e s u l t s  o f  Zachar ias and Young b y  i n c l u d i n g  a w i d e r  v a r i e t y  o f  sensory 
environments, ( 4 )  determine t h e  cons is tency  o f  r e s u l t s  f o r  i n d i v i d u a l  s u b j e c t s  
t e s t e d  over  t ime,  and ( 5 )  l o o k  f o r  c o r r e l a t i o n s  between VOR and perceptua l  
feedback t e s t  r e s u l t s .  These techn iques  w i l l  l a t e r  be extended t o  t h e  two-ax is  
r o t a t o r ,  compared w i t h  r e s u l t s  o f  moving p l a t f o r m  posturography,  and c o r r e l a t e d  
w i t h  t h e  r e s u l t s  o f  v e s t i b u l a r  and oculomotor r e f l e x  measurements and 
measurements o f  mot ion s ickness s u s c e p t i b i l i t y .  
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Repeatabi 1 i t y  and C o r r e l  a t  i o n  w i t h  

We have increased t h e  number o f  
r e p o r t e d  i n  t h e  prev ious  progress 
c o r r e l  a t  i o n s  which were emerging. 

VOR Tests 

t e s t  s u b j e c t s  
r e p o r t  t o  21 i n  o r d e r  t o  v e r i f y  some o f  t h e  

Some of t h e  da ta  on t h e  21  s u b j e c t s  t e s t e d  

us ina  t h i s  p r o t o c o l  f rom 17 

has been analyzed, and has been presented a t  a p o s t e r  sess ion  a t  t h e  American 
S o c i e t y  f o r  G r a v i t a t i o n a l  and Space B i o l o g y ' s  f o u r t h  annual meet ing i n  
Washington, D.C. i n  October 1988 (see t h e  "Paper Submission and Poster  Session'' 
s e c t i o n  o f  t h i s  r e p o r t ,  and a b s t r a c t  and p o s t e r  copy at tached.)  

The a r t i c l e  by Zachar ias and Young suggested t h a t  t h e  d r i f t  o f  t h e  s u b j e c t  
d u r i n g  r o t a t i o n  i n  t h e  dark,  o r  w i t h  sub jec t - re fe renced v i s i o n ,  m i g h t  be due t o  
an imbalance i n  t h e  encoded mot ion  i n f o r m a t i o n  coming f rom t h e  two ha lves  o f  
t h e  v e s t i b u l a r  system i n  o p p o s i t e  ears.  Th is  i s  a l s o  t h e  i n t e r p r e t a t i o n  which 
i s  g e n e r a l l y  g i v e n  t o  t h e  presence o f  b ias ,  o r  d i r e c t i o n a l  preponderance 
observed i n  t e s t s  o f  h o r i z o n t a l  VOR f u n c t i o n .  We a n t i c i p a t e d  t h a t  t h e r e  m i g h t  
be a c o r r e l a t i o n  between t h e  d r i f t  observed i n  perceptua l  feedback t e s t s  and 
t h e  b i a s  recorded i n  VOR t e s t s .  However we have n o t  found any obv ious 
c o r r e l a t i o n  between these two measures i n  t h e  s u b j e c t s  t e s t e d  t o  date.  It may 
be p o s s i b l e  t h a t  normal s u b j e c t s  have t o o  smal l  a range o f  b i a s  and d r i f t  t o  
p r o v i d e  a r e l i a b l e  c o r r e l a t i o n .  However t h e  b i a s  measured f o r  a g i v e n  s u b j q c t  
does appear t o  remain c o n s i s t e n t  over  t ime,  as does d r i f t .  That i s ,  t h e  
r e l i a b i l i t y  o f  t h e  measurement o f  these two parameters seems t o  be f a i r l y  good. 
T h i s  would argue t h a t  t h e  l a c k  o f  c o r r e l a t i o n  between these two measures i s  
r e a l ,  and n o t  an a r t i f a c t  o f  t h e i r  l i m i t e d  range, a t  l e a s t  i n  normal sub jec ts .  
T h i s  o b s e r v a t i o n  appears t o  be i n  agreement w i t h  some o t h e r  d a t a  i n  t h e  
l i t e r a t u r e  (see f o r  example Guedry i n  Handbook o f  Sensory Phys io logy,  
Spr inger-Ver lag,  1974) which has i d e n t i f i e d  d i f f e r e n c e s  between t h e  dynamics of 
r e f l e x  responses and percept ion .  We b e l i e v e  t h a t  e x p l o r i n g  these d i f f e r e n c e s  
and t h e i r  p o s s i b l e  a s s o c i a t i o n  w i t h  m o t i o n  s ickness may be produc t ive .  

E f f e c t  o f  V i s u a l  Feedback Time Delay on R o t a t i o n  Percept ion  

We have c o l l e c t e d  some p r e l  i m i n a r y  d a t a  f rom perceptua l  feedback exper iments i n  
which t h e  v i s u a l  mot ion cues a r e  prov ided t o  t h e  s u b j e c t ,  b u t  a r e  de layed i n  
t i m e  by a v a r i a b l e  amount, For example, when a s u b j e c t  r o t a t e s  t o  t h e  r i g h t ,  
n o r m a l l y  t h e  w o r l d  moves t o  h i s  l e f t  i n  synchrony w i t h  h i s  movement. 
I n t r o d u c i n g  a t i m e  d e l a y  i n t o  t h i s  s i t u a t i o n ,  when t h e  sub jec t  moves t o  t h e  
r i g h t ,  t h e  w o r l d  i n i t i a l l y  moves t o  t h e  r i g h t  w i t h  him, b u t  a f t e r  a s p e c i f i e d  
i n t e r v a l ,  o r  t i m e  de lay ,  t h e  w o r l d  begins t o  move t o  h i s  l e f t  i n  a normal 
manner. We r e f e r  t o  t h i s  as an ear th - re fe renced t i m e  delay.  

Another s i t u a t i o n  occurs when t h e  v i s u a l  f i e l d  moves w i t h  t h e  s u b j e c t  so t h a t  
t h e  v i s u a l  f i e l d  does n o t  g i v e  any cue about t h e  s u b j e c t ' s  mot ion.  We r e f e r  t o  
t h i s  as a sub jec t - re fe renced v i s u a l  environment. When a t i m e  d e l a y  i s  
i n t r o d u c e d  i n t o  t h i s  s i t u a t i o n ,  m o t i o n  of  t h e  s u b j e c t  t o  t h e  r i g h t  i s  i n i t i a l l y  
accompanied by mot ion o f  t h e  v i s u a l  surround t o  t h e  l e f t  w i t h  r e s p e c t  t o  t h e  
sub jec t .  However i f  t h e  s u b j e c t  con t inues  t o  r o t a t e  t o  t h e  r i g h t ,  a f t e r  t h e  
t i m e  d e l a y  i n t e r v a l ,  t h e  v i s u a l  surround w i l l  s t a r t  t o  r o t a t e  w i t h  t h e  s u b j e c t .  

The m o t i v a t i o n  f o r  these t ime-delayed feedback exper iments came f rom some 
unpubl ished observa t ions  by L.M. Nashner on pos ture  c o n t r o l .  He observed t h a t  
t h e  p o s t u r e  c o n t r o l  o f  some normal s u b j e c t s  were g r e a t l y  a f f e c t e d  by t h e  
presence o f  a t ime-delayed movement o f  t h e  v i s u a l  surround. H i s  exper iments 
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were o f  a form e q u i v a l e n t  t o  our  sub jec t - re fe renced t i m e  delays.  Our r e s u l t s  
u s i n g  t h e  perceptua l  feedback techn ique have n o t  been p a r t i c u l a r l y  compel l ing,  
and apparent ly  do n o t  agree w i t h  Nashner 's r e s u l t s .  There have n o t  been any 
r e p o r t s  o f  d i s o r i e n t a t i o n  a t  any o f  t h e  t i m e  de lays  so f a r  t e s t e d  which migh t  
correspond t o  t h e  d i s r u p t i o n  o f  p o s t u r e  c o n t r o l  r e p o r t e d  by Nashner. We have 
increased t h e  number o f  t e s t  s u b j e c t s  u s i n g  sub jec t - re fe renced t i m e  de lay  
s t i m u l u s  f rom 3 r e p o r t e d  i n  t h e  prev ious  progress r e p o r t  t o  6 i n  o r d e r  t o  t e s t  
t h e  h i n t  o f  poorer  c o n t r o l  o f  r o t a t i o n  a t  c e r t a i n  t i m e  delays.  Looking a t  t h e  
a d d i t i o n a l  data,  no s i g n i f i c a n t  c o n t r o l  d i f f e r e n c e  was found a t  any o f  t h e  t i m e  
de lays  tes ted .  

We have repeated Nashner's exper iments on t h e  moving p o s t u r e  p l a t f o r m  i n  o r d e r  
t o  v e r i f y  h i s  e a r l i e r  observa t ions .  Since p o s t u r e  c o n t r o l  i n v o l v e  t h e  o t o l i t h  
organs, v e r t i c a l  s e m i c i r c u l a r  canals,  and p r o p r i o c e p t i v e  systems, i t  presents  
q u i t e  a d i f f e r e n t  sensory environment than our v e r t i c a l - a x i s  r o t a t i o n s ,  and we 
thought  t h i s  m i g h t  account f o r  t h e  apparent ly  d i f f e r e n t  f i n d i n g s .  We t e s t e d  27 
sub jec ts ,  16 "normal" and 11 "abnormal" sub jec ts ,  and found no s i g n i f i c a n t  l o s s  
of p o s t u r e  c o n t r o l  on any o f  t h e  t i m e  de lays  tes ted .  I f  we had been a b l e  t o  

' v e r i f y  Nashner's r e s u l t s ,  and c o n f i r m  t h a t  they  d i f f e r  
tests; we would have been a b l e  t o  pursue these t i m e  de 
two-ax is  r o t a t i o n  d e v i c e  once i t  was f u n c t i o n a l .  

PAPER SUBMISSION AND POSTER SESSION 

We have r e c e n t l y  submi t ted  two papers f o r  p u b l i c a t i o n  

'rom our v e r t i c a l  - a x i s  
ay exper iments on t h e  

t o  ExDerimental  B r a i n  
Research: "Age-re1 a ted  Changes i n  Human Vest ibu lo -ocu l  a r  and Oculomotor 
Ref lexes' '  by R.J. Peterka, F.O. Black and M.B. Schoenhoff,  and "Age-re la ted 
Changes i n  Human Posture C o n t r o l "  by R.J. Peterka and F.O. Black.  These papers 
r e p o r t  t h e  response p r o p e r t i e s  o f  h o r i z o n t a l  v e s t i b u l o - o c u l a r  r e f l e x ,  
o p t o k i n e t i c  r e f l e x  and p o s t u r e  c o n t r o l  i n  216 human s u b j e c t s  r a n g i n g  i n  age 
f r o m  7 t o  8 1  years.  The two papers a r e  very  c l o s e l y  connected i n  t h a t  t h e  same 
exper imenta l  s u b j e c t s  p a r t i c i p a t e d  i n  b o t h  s tud ies .  Copies o f  b o t h  papers a r e  
enclosed. 

The P I  a t tended t h e  American S o c i e t y  f o r  G r a v i t a t i o n a l  and Space B i o l o g y ' s  
f o u r t h  annual meet ing i n  Washington, D.C. on October 20-23, 1988 and d i s p l a y e d  
a p o s t e r  t i t l e d  " I s  I n a c c u r a t e  Percept ion  o f  V e r t i c a l  A x i s  R o t a t i o n  r e l a t e d  t o  
Asymmetrical V e s t i b u l o - o c u l a r  Ref lex  Func t i on  i n  Normal Human Sub jec ts? "  by 
R.J. Peterka and M.S. Benolken. T h i s  p o s t e r  summarized t h e  l a t e s t  a n a l y s i s  o f  
our  perceptua l  feedback exper iments.  A copy o f  t h e  a b s t r a c t  and p o s t e r  i s  
a t tached.  We a r e  p r e s e n t l y  work ing on a paper f rom t h i s  a b s t r a c t  t o  be 
submi t ted  t o  A v i a t i o n ,  Space, and Environmental  Medicine. 



IS INACCURATE PERCEPTION OF VERTICAL AXIS ROTATION RELATED TO ASYMMETRICAL 
VESTIBULO-OCULAR REFLEX FUNCTION IN NORMAL HUMAN SUBJECTS? R.J. Peterka and 
M.S. Benolken, Good Samaritan Hospital & Medical Center, R . S . X  Neurological 
S c i e n c e s i t U t e  and Dept. of Neuro-otology, Portland, OR 97210. 

Subjects seated in a vertical axis rotation chair in the dark controlled 
their rotational velocity with a potentiometer. Their goal was to null out 
pseudorandom rotational perturbations introduced by the experimenter in order to 
remain perceptually stationary. Most subjects showed a slow linear drift of 
velocity to one side. Zacharias and Young (Exp Brain Res 41:159-171, 1981) 
proposed a model which accounted for their similar experimental results. The 
model postulated that the source of the drift was an imbalance in vestibular 
function between the two ears. Since it is often assumed that the small 
deviations from perfect vestibulo-ocular reflex (VOR) symmetry are also related 
to an imbalance between the two ears, we looked for correlations between drift 
measured in these perceptual feedback experiments and several measures of VOR 
symmetry. No correlations were found. Measurement errors could not account for 
these poor correlations since repeated tests in the same subjects of both 
perceptual drift and VOR symmetry were highly correlated. We concluded that a 
simple imbalance between the two ears cannot account for both observations. 
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Sunwnary. The dynamic response properties of horizontal vestibulo-ocular 
reflex (VOR) and optokinetic reflex (OKR) were characterized in 216 human 
subjects ranging in age from 7 to 81 years. The object of this 
cross-sectional study was to determine the effects of aging on VOR and OKR 
reflex dynamics, and to identify the distributions o f  parameters which 
describe VOR and OKR responses to sinusoidal and pseudorandom stimuli in a 
putatively normal population. In general, VOR and OKR response parameters 
changed in a manner consistent with declining function with increasing age. 
For the VOR this was reflected in declining response amplitudes and slightly 
less compensatory phase of the response relative to head velocity. For the 
OKR the lag time o f  the response, which is probably associated with the time 
required for visual information processing, increased linearly with age at a 
rate of about 1 ms per year. Although age-related trends were clear, the 
magnitude of change of VOR properties were not large relative to the 
variability within the population. The age-related trends in VOR were also 
not consistent with the anatomic changes in the periphery reported by others 
which showed an increasing rate of peripheral hair cell and nerve fiber loss 
in subjects over 55 years. The poor correlation between physiological and 
anatomical data suggest that adaptive mechanisms in the central nervous 
system are important in maintaining the VOR. 

Key Uords: Vestibulo-ocular reflex - Optokinetic reflex - Eye movements - 
Aging - Humans 
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Introduction 

A g r e a t  deal  i s  known about age- re la ted  performance d e c l i n e s  i n  v a r i o u s  
v i s u a l  p e r c e p t i o n  tasks  (Fozard e t  a l .  1977). These t a s k s  a r e  u s u a l l y  
s t u d i e d  i n  c o n t r o l l e d  s e t t i n g s  i n  which oculomotor performance i s  assumed n o t  
t o  p l a y  an i m p o r t a n t  r o l e .  However i n  n a t u r a l  s e t t i n g s  i t  i s  obvious t h a t  
changes i n  oculomotor performance w i t h  age c o u l d  have a d e l e t e r i o u s  a f f e c t  on 
many aspects o f  v i s u a l  percept ion .  I n  p a r t i c u l a r ,  VOR and OKR n o r m a l l y  
f u n c t i o n  t o g e t h e r  t o  p rov ide  c l e a r  v i s i o n  by g e n e r a t i n g  compensatory eye 
movements which min imize  image mot ion  on t h e  sur face  o f  t h e  r e t i n a  d u r i n g  
head movements. It i s  impor tan t  t o  know how t h e  VOR and OKR change w i t h  age 
s ince  a degradat ion  i n  these r e f l e x e s  cou ld  i m p a i r  t h e  a c q u i s i t i o n  o f  v i s u a l  
i n f o r m a t i o n  i n  o l d e r  a d u l t s  d u r i n g  a c t i v e  and pass ive  head movements. 

Both p e r i p h e r a l  v e s t i b u l a r  r e c e p t o r  dynamics and c e n t r a l  nervous system 
processes i n f l u e n c e  t h e  VOR. For r o t a t i o n s  i n  t h e  h o r i z o n t a l  plane, t h e  
h o r i z o n t a l  s e m i c i r c u l a r  canals p r o v i d e  t h e  pr imary  p e r i p h e r a l  s i g n a l  o f  head 
r o t a t i o n .  T h e o r e t i c a l  s t u d i e s  o f  s e m i c i r c u l a r  canal  b i o p h y s i c s  (van Egmond 
e t  a l .  1949) as w e l l  as record ings  f rom pr imary  canal a f f e r e n t s  (Fernandez 
and Goldberg 1971) have shown t h a t  t h e  canals  e f f e c t i v e l y  i n t e g r a t e  t h e  
r o t a t i o n a l  a c c e l e r a t i o n  so t h a t  t h e  canals  s i g n a l  r o t a t i o n a l  head v e l o c i t y  a t  
f requencies above about 0.25 Hz. I f  r o t a t i o n a l  v e l o c i t y  i s  considered t o  be 
t h e  s t imu lus ,  then t h e  dynamic response p r o p e r t i e s  o f  t h e  canal  a r e  those o f  
a high-pass f i l t e r  w i t h  a t ime cons tan t  o f  about 6 s (Fernandez and Goldberg 
1971). 

Dur ing r o t a t i o n s  i n  t h e  h o r i z o n t a l  p lane i n  t h e  dark,  compensatory ( s l o w  
phase) eye movements a r e  i n t e r s p e r s e d  w i t h  f a s t  components i n  t h e  o p p o s i t e  
d i r e c t i o n  r e s u l t i n g  i n  a t r i a n g u l a r  shaped eye movement waveform (nystagmus). 
The f a s t  components r e p o s i t i o n  t h e  eyes toward t h e  c e n t e r  o f  t h e i r  range, o r  
sometimes pas t  t h e i r  cen ter  p o s i t i o n  i n  a d i r e c t i o n  which a n t i c i p a t e s  t h e  
cont inued head movement. VOR response dynamics a r e  t y p i c a l l y  anal  zed by 

analyzed i n  t h i s  f a s h i o n  show t h e  high-pass f i l t e r  c h a r a c t e r i s t i c s  s i m i l a r  t o  
those of t h e  s e m i c i r c u l a r  canals  themselves. However t h e  t i m e  constant  o f  
the  VOR i s  two t o  f o u r  t i m e s  l o n g e r  than those recorded f rom f i r s t  o r d e r  
canal neurons. The bra instem f u n c t i o n  which causes t h i s  t i m e  cons tan t  
leng then ing  i s  known as t h e  v e l o c i t y  s to rage mechanism (Raphan e t  a l .  1979; 
Cohen e t  a l .  1981). The n e t  r e s u l t  o f  t h i s  v e l o c i t y  s to rage i s  t o  extend t h e  
e f f e c t i v e  bandwidth o f  t h e  VOR t o  f requenc ies  below 0.25 Hz. 

comparing t h e  s low phase eye v e l o c i t y  t o  t h e  s t i m u l u s  v e l o c i t y .  VOR d ynamics 

Dur ing h o r i z o n t a l  head r o t a t i o n s  i n  t h e  l i g h t  w i t h  e a r t h  f i x e d  v i s u a l  
surrounds, t h e  VOR and v i s u a l  mot ion  i n f o r m a t i o n  th rough o p t o k i n e t i c  and 
p u r s u i t  t r a c k i n g  systems combine t o  produce compensatory eye movements which 
f a c i l i t a t e  c l e a r  v i s i o n  by m a i n t a i n i n g  a f i x e d  gaze d i r e c t i o n .  The combined 
VOR and v i s u a l  t r a c k i n g  r e f l e x e s  a r e  e f f e c t i v e  over a bandwidth f rom DC t o  
severa l  H e r t z  (Benson and Barnes 1978; Larsby e t  a l .  1984). The v i s u a l  
system's c o n t r i b u t i o n  t o  t h e  g e n e r a t i o n  o f  compensatory eye movements can be 
s t u d i e d  us ing  r o t a t i o n s  of a f u l l  f i e l d  v i s u a l  s t i m u l u s  around a s t a t i o n a r y  
sub jec t .  Th is  s t i m u l u s  evokes t h e  OKR t o  produce eye movements which f o l l o w  
t h e  s t imulus.  The response p r o p e r t i e s  o f  t h e  OKR have been determined 
p r i m a r i l y  u s i n g  responses t o  cons tan t  v e l o c i t y  r o t a t i o n s  (Cohen e t  a l .  1977). 
OKR response p r o p e r t i e s  i n  humans and most o t h e r  p r imates  a r e  c h a r a c t e r i z e d  
by a two component response. These two components a r e  mediated by d i s t i n c t  
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anatomical  pathways (Waespe e t  a l .  1983). The f a s t ,  o r  d i r e c t  component i s  
assoc iated w i t h  t h e  r a p i d  inc rease i n  eye v e l o c i t y  f o l l o w i n g  t h e  i n i t i a t i o n  
of v i s u a l  f i e l d  movements. The slow, o r  i n d i r e c t  component i s  assoc ia ted  
w i t h  a s low increase i n  eye v e l o c i t y  f o l l o w i n g  a sus ta ined mot ion o f  t h e  
v i s u a l  f i e l d .  The s low component shares many o f  t h e  c e n t r a l  v e s t i b u l a r  
pathways, and p o s s i b l y  t h e  v e l o c i t y  s to rage mechanism o f  t h e  VOR (Buet tner  e t  
a l .  1978; Cohen e t  a l .  1981). Experiments show t h a t  human OKR i s  dominated 
b y  t h e  f a s t  component (Cohen e t  a l .  1981; Segal and L iben 1985). 

A d a p t a b i l i t y  i s  another  c h a r a c t e r i s t i c  f e a t u r e  o f  t h e  oculomotor r e f l e x e s .  
I n  p a r t i c u l a r  t h e  g a i n  o f  t h e  VOR can be ad jus ted  i n  o r d e r  t o  min imize mot ion 
on t h e  r e t i n a .  These adjustments occur  over a p e r i o d  o f  minutes t o  days 
( M e l v i l l  Jones 1985; L isberger  1988). Adaptat ion p r o v i d e s  a mechanism f o r  
t h e  c a l i b r a t i o n  o f  t h e  VOR. Adapta t ion  a l s o  a s s i s t s  i n  t h e  recovery  o f  
f u n c t i o n  f o l l o w i n g  i n j u r y  o r  d iseases i n  t h e  ear,  b r a i n ,  o r  oculomotor 
system. D e f i c i t s  i n c u r r e d  d u r i n g  t h e  normal ag ing process may a l s o  be 
amel io ra ted  by these adapt ive  mechanisms. 

Age-related changes i n  t h e  p e r i p h e r a l  v e s t i b u l a r  organs i n c l u d e  losses  o f  
h a i r  c e l l s  (Rosenhal l  1973) , v e s t i b u l a r  nerve f i b e r s  (Bergstrom 1973), and 
Scarpa's gang l ion  c e l l s  ( R i c h t e r  1980). These s t u d i e s  showed an increased 
r a t e  o f  l o s s  o f  p e r i p h e r a l  v e s t i b u l a r  anatomical  s t r u c t u r e s  f o r  s u b j e c t s  
o l d e r  than about 55 years.  If r e f l e x  f u n c t i o n  depends d i r e c t l y  on i n t a c t  
p e r i p h e r a l  v e s t i b u l a r  s t r u c t u r e s ,  t h e n  we might  expect a d e c l i n e  i n  VOR 
f u n c t i o n  p a r a l l e l i n g  anatomical  d e t e r i o r a t i o n .  A l t e r n a t i v e l y ,  i f  t h e  c e n t r a l  
adapt ive  mechanisms remain i n t a c t  i n  o l d e r  sub jec ts ,  then VOR f u n c t i o n  may 
remain r e l a t i v e l y  s t a b l e  r e g a r d l e s s  of  p e r i p h e r a l  anatomical  d e t e r i o r a t i o n .  

L i t e r a t u r e  on age- re la ted  changes i n  v e s t i b u l a r  and oculomotor f u n c t i o n  i s  
l i m i t e d .  Experiments on humans a r e  u s u a l l y  performed on a smal l  number o f  
sub jec ts ,  and these s u b j e c t s  a r e  t y p i c a l l y  young a d u l t s .  The except ions t o  
t h i s  occur i n  t h e  c l i n i c a l  l i t e r a t u r e  on c a l o r i c  t e s t i n g  o f  t h e  VOR (Bruner  
and N o r r i s  1971; Mulch and Petermann 1979), some work on age- re la ted  changes 
i n  p u r s u i t  t r a c k i n g  a b i l i t y  (Sharpe and S y l v e s t e r  1978; Spooner e t  a l .  1980) 
and VOR f u n c t i o n  (Wal l  e t  a l .  1984; van der  Laan and Oosterve ld 1974), 
responses to constant velocity optokinetic stimuli (Magnusson and Pyykko 
1986; Stefansson and Imoto 1986); and development o f  v e s t i b u l a r  r e f l e x e s  i n  
i n f a n t s  and young c h i l d r e n  ( O r n i t z  1983; Shupert and Fuchs 1988). The 
c a l o r i c  t e s t  r e s u l t s  a r e  r a t h e r  ambiguous, and i n c l u d e  b o t h  increased , 
decreased, and unchanged responses w i t h  i n c r e a s i n g  age. The r e s u l t s  o f  
c a l o r i c  t e s t i n g  a r e  t h e r e f o r e  n o t  c o n s i s t e n t  w i t h  t h e  known age dependent 
anatomical  changes i n  p e r i p h e r a l  v e s t i b u l a r  r e c e p t o r s  and nerve f i b e r s .  
However t h e  increased number o f  f a l l s  which occur i n  t h e  e l d e r l y  p o p u l a t i o n  
( O v e r s t a l l  1978; Prudham and Evans 1981) suggest t h a t  t h e r e  migh t  be a 
connect ion between t h e  occurrence o f  these f a l l s  and a g e n e r a l l y  d e c l i n i n g  
f u n c t i o n  o f  v e s t i b u l a r  and oculomotor r e f l e x e s  assoc ia ted  w i t h  t h e  c o n t r o l  o f  
o r i e n t a t i o n  and e q u i l i b r i u m .  

The present  exper iments were designed t o  c h a r a c t e r i z e  t h e  dynamic response 
p r o p e r t i e s ,  and t h e  v a r i a b i l i t y  o f  those responses o f  human h o r i z o n t a l  VOR 
and OKR i n  a normal popu la t ion .  The p o p u l a t i o n  was s e l e c t e d  t o  p r o v i d e  
r e s u l t s  r e l a t e d  t o  t h e  e f f e c t s  of t h e  ag ing  process on these r e f l e x e s ,  and t o  
determine i f  p h y s i o l o g i c a l  changes were c o n s i s t e n t  w i t h  anatomic changes 
which occur w i t h  age. Tests o f  p o s t u r a l  motor c o n t r o l  and sensor imotor  
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i n t e g r a t i o n  o f  v i s u a l ,  v e s t i b u l a r ,  and p r o p r i o c e p t i v e  i n f o r m a t i o n  used f o r  
pos ture  c o n t r o l  were a l s o  made i n  t h e  same s u b j e c t s  and a r e  r e p o r t e d  i n  a 
companion paper (Peterka  and Black 1989). 

Methods (Note: Methods s e c t i o n  should be i n  smal l  p r i n t )  

V e s t i b u l a r  and oculomotor r e f l e x e s  were t e s t e d  i n  216 human s u b j e c t s  (90 male 
and 126 female) aged 7 t o  81 years.  Ages were approx imate ly  u n i f o r m l y  
d i s t r i b u t e d  over  t h e  e n t i r e  range. Tests i n c l u d e d  1 )  h o r i z o n t a l  
v e s t i b u l o - o c u l  a r  r e f l  ex , 2 )  h o r i z o n t a l  o p t o k i n e t i c  r e f l  ex, 3) c a l o r i c  
i r r i g a t i o n s ,  and 4) moving p l a t f o r m  posturography. Var ious parameters which 
c h a r a c t e r i z e  t h e  dynamic response p r o p e r t i e s  o f  these r e f l e x e s  were measured. 
S t a t i s t i c a l  methods were used t o  d e f i n e  t h e  range o f  responses, and determine 
age- re la ted  changes i n  f u n c t i o n .  

Subjects  were r e q u i r e d  t o  meet t h e  f o l l o w i n g  c r i t e r i a :  

1. normal age-corrected a u d i t o r y  pure tone responses 
2. m i d d l e  ear r e f l e x e s  present  b i l a t e r a l  l y  
3. normal m i d d l e  ear  impedance 
4. no h i s t o r y  o f  head blows o f  s u f f i c i e n t  magnitude t o  cause 

l o s s  o f  consciousness 
5. no abnormal n e u r o l o g i c a l  f i n d i n g s  
6. normal c o r r e c t e d  v i s i o n  
7. no h i s t o r y  of  o t o t o x i c  drug use 
8. no h i s t o r y  o f  d i z z i n e s s  o r  d i s e q u i l i b r i u m  
9. moderate o r  absent use o f  a l c o h o l  

10. no use o f  psychot rop ic  drugs 

We d i d  n o t  r e j e c t  s u b j e c t s  based on t h e  r e s u l t s  o f  any o f  t h e  v e s t i b u l a r  or  
oculomotor t e s t s  performed. 

R o t a t i o n  t e s t s  

Subjects  s a t  i n  a c h a i r  mounted on an 108 N o m  v e l o c i t y  s e r v o - c o n t r o l l e d  motor 
(Contraves Goerz Corp, Model 824) which r o t a t e d  them about an e a r t h  v e r t i c a l  
ax is .  The s u b j e c t  was surrounded by a c i r c u l a r  c l o t h  c y l i n d e r  1.8 m i n  
diameter.  The c y l i n d e r  acted as a p r o j e c t i o n  screen f o r  an o p t o k i n e t i c  
s t imu lus .  A f u l l  f i e l d  o p t o k i n e t i c  s t i m u l u s  was prov ided by a p i n  h o l e  t y p e  
p r o j e c t o r  mounted on a 6.8 N o m  servo motor (Genisco Technology Corp Model 
1100) at tached t o  t h e  c e i l i n g  d i r e c t l y  above t h e  s u b ' e c t ' s  head. The 

dark background. 
p r o j e c t o r  produced randomly p laced v e r t i c a l  s t r i p e s  o f  l i g  R t a g a i n s t  a most ly  

Subjects  performed t e s t s  o f  VOR f u n c t i o n  w i t h  eyes c losed i n  a darkened room. 
H o r i z o n t a l  and v e r t i c a l  eye movements were recorded by e l e c t r o o c u l o g r a p h i c  
(EOG) techniques (bandwidth DC t o  80Hz) u s i n g  s i l v e r / s i l v e r  c h l o r i d e  
e lect rodes.  H o r i z o n t a l  EOG was recorded u s i n g  b i tempora l  e lec t rodes ,  and 
v e r t i c a l  EOG was recorded by e lec t rodes  p laced above and below one eye. 
St imulus d e l i v e r y  and da ta  c o l l e c t i o n  were c o n t r o l l e d  by computer (DEC LSI 
11/73). Chai r  tachometer s i g n a l s  as w e l l  as h o r i z o n t a l  and v e r t i c a l  EOG were 
d i g i t i z e d  and s t o r e d  f o r  l a t e r  ana lys is .  D i g i t i z i n g  r a t e s  were 2OO/s f o r  t h e  
h o r i z o n t a l  EOG and 50/s f o r  v e r t i c a l  EOG and s t i m u l u s  v e l o c i t y .  
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Calibrations of the EOG were performed before and after each rotation test. 
Three red LED's mounted on the screen at 0 and +/-  10' were successively 
illuminated. As the subject looked at the illuminated LED's, the computer 
recorded the voltage associated with each gaze angle. The EOG amplifier's 
gain was adjusted to provide adequate EOG signal amplitude relative to the 
digitizing resolution of the A/D converter (12 bits). 

Rotational stimuli for VOR tests included both single frequency sinusoidal 
stimuli and a pseudorandom stimulus. Single frequency sinusoidal stimuli 
were delivered at 0.05, 0.2, and 0.8 Hz with peak velocities of 60'1s. The 
duration of sine tests were 100 s (5 cycles) for 0.05 Hz, 45 s (9 cycles) for 
0.2 Hz, 26.25 s (21 cycles) for 0.8 Hz. The first cycle in each data record 
was considered a transient response and was ignored in the data analysis. 

The pseudorandom stimulus consisted of the summation of eight discrete 
sinusoidal frequencies. The frequency components were selected to minimize 
corruption of the results of the data analysis due to possible nonlinear 
responses of the VOR system (Victor and Shapley 1980). The eight frequencies 
were 0.0092, 0.021, 0.046, 0.095, 0.180, 0.388, 0.766, 1.535 Hz. The nominal 
amplitudes of these com onents were all 15.6'/s except the highest frequency 
component which was 7.8 / s .  The highest instantaneous stimulus velocity was 
about 100°/s. The duration of the stimulus was about 440 s .  Data from the 
final 327.68 s of the trial were digitized and saved for later analysis. The 
first 115 s of data (about equal to one period length of the lowest frequency 
component of the stimulus) were considered a transient response and were not 
analyzed. 

g 

The OKR of each subject was tested by recording horizontal eye movements 
evoked by a projected visual stimulus rotated around the stationary subject. 
The optokinetic projector moved under the control of a pseudorandom stimulus 
consisting of seven sinusoids with frequencies 0.018, 0.043, 0.092, 0.189, 
0.360, 0.775, and 1.532 Hz. The amplitudes of the components were nominally 
7.8O/s except the highest frequency component which was 3.9O/s. The peak 
instantaneous velocity was about 4Oo/s. The total stimulus duration was 
about 220 s .  Transient responses were avoided by recording only the final 
163.84 s o f  data. Complete O K R  data were not obtained on a l l  subjects s i n c e  
the stimulus induced motion sickness symptoms in some subjects, requiring' the 
early termination of the test. 

Subjects were given verbal tasks throughout the VOR and OKR rotation tests to 
maintain a constant level of alertness. The tasks consisted of 
a1 phabetical ly naming names, places , foods, etc. 
Rotation Test Data Analysis 

Eye position data were differentiated to calculate eye velocity. Fast phases 
of the nystagmus were identified using a method similar to Barnes (1982). 
Curve fits to the remaining slow phase eye velocity data allowed the 
estimation of VOR and OKR response parameters. For sinusoidal stimuli, curve 
fits were made to each period of the response. Stimulus periods which 
contained corrupted data were rejected before the final averaging of response 
parameter values from the remaining periods. 
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The curve  f i t s  t o  s i n u s o i d a l  responses were o f  t h e  form: 

where 8,. i s  b i a s  i n  deg/s,  A, i s  response ampl i tude i n  de / s ,  P r  i s  response 
phase i n  degrees, and f i s  t h e  s t i m u l u s  f requency. %e recorded c h a i r  
v e l o c i t y  da ta  were s e p a r a t e l y  analyzed t o  c a l c u l a t e  s t i m u l u s  v e l o c i t y  
ampl i tude,  As, and phase, P,. The VOR g a i n  o f  t h e  r e f l e x  i s  d e f i n e d  as t h e  
r a t i o  Ar/As, and t h e  hase o f  t h e  r e f l e x  as Pr-Ps. S ince $he VOR i s  a 
compensatory r e f  1 ex, k a l u e s  o f  Pr-ps was c l o s e  t o  -110 . For t h e  
convenience o f  work ing  w i t h  s m a l l e r  numbers, a va lue o f  180 was added t o  
P r - P  f o r  t h e  VOR t e s t .  Th is  i s  e q u i v a l e n t  t o  i n v e r t i n g  t h e  h o r i z o n t a l  eye 
p o s i z i o n  data. Since t h e  OKR i s  a f o l l o w i n g  r e f l e x ,  t h e  v a l u e  o f  P -P, i s  
c l o s e  t o  0' f o r  low f requency s t i m u l i .  Therefore no o f f s e t  f a c t o r  was 
a p p l i e d  t o  t h e  OKR phase data.  

I n  o r d e r  t o  i d e n t i f y  and q u a n t i f y  n o n l i n e a r  responses t o  s i n u s o i d a l  s t i m u l i  , 
t h e  h o r i z o n t a l  eye v e l o c i t y  d a t a  was s h i f t e d  i n  t i m e  by an amount determined 
by t h e  c a l c u l a t e d  phase o f  each p e r i o d  o f  t h e  response. The t i m e  s h i f t  was 
i n  a d i r e c t i o n  which brought  t h e  response i n t o  phase w i t h  t h e  s t imu lus .  Slow 
phase eye v e l o c i t y  was then p l o t t e d  a g a i n s t  s t i m u l u s  v e l o c i t y  t o  y i e l d  a 
s c a t t e r  o f  p o i n t s  which g e n e r a l l y  l i e  a long a n e g a t i v e l y  s l o p i n g  l i n e .  An 
example i s  shown i n  F i g u r e  1. The n e g a t i v e  s lope f o r  t h e  VOR r e f l e c t s  t h e  
f a c t  t h a t  s low phase eye v e l o c i t y  i s  i n  t h e  oppos i te  d i r e c t i o n  t o  s t i m u l u s  
v e l o c i t y .  

If t h e  VOR were a l i n e a r  system, t h e  s lope o f  t h e  da ta  would be t h e  same f o r  
eye movements t o  t h e  r i g h t  and l e f t .  However exper ience w i t h  abnormal 
s u b j e c t s  has shown t h a t  t h e  s lopes a r e  n o t  always equal f o r  c h a i r  r o t a t i o n s  
i n  oppos i te  d i r e c t i o n s .  This  t y p e  o f  n o n l i n e a r i t y  was q u a n t i f i e d  by 
s e p a r a t e l y  c a l c u l a t i n g  t h e  s lopes o f  t h e  eye v e l o c i t y  versus s t i m u l u s  
v e l o c i t y  da ta  f o r  c h a i r  r o t a t i o n s  t o  t h e  r i g h t  and l e f t .  The s lopes were 
c a l c u l a t e d  by a l e a s t  squared e r r o r  f i t  o f  a two segment l i n e  t o  t h e  data. 
One l i n e  segment was f o r  p o s i t i v e  and t h e  o t h e r  f o r  n e g a t i v e  s t i m u l u s  
v e l o c i t i e s .  The two l i n e  segments were cons t ra ined t o  i n t e r s e c t  one another 
at zero stimulus velocity. 

The s l o p e  o f  t h e  l i n e  i s  equal t o  VOR gain.  

The two-par t  l i n e a r  curve  f i t  y i e l d s  t h r e e  parameters: t h e  r e f l e x  g a i n  f o r  
s low phase eye movements t o  t h e  r i g h t ,  GR, t h e  g a i n  f o r  s low phase eye 
movements t o  t h e  l e f t ,  GL, and response o f f s e t  d e f i n e d  as t h e  eye v e l o c i t y  a t  
zero  s t i m u l u s  v e l o c i t y .  A measure o t o n s e  asymmetry was c a l c u l a t e d  
a c c o r d i n g  t o  t h e  formula 100*(GR-GL)/(GR+6~ . A zero percent  asymmetry i s  

s t i m u l u s  d i r e c t i o n .  
c o n s i s t e n t  w i t h  a l i n e a r  system response w h e r e  g a i n  i s  independent o f  t h e  

The a n a l y s i s  o f  eye movement da ta  f rom pseudorandom s t i m u l i  f o l l o w e d  t h e  same 
genera l  method used i n  s i n g l e  s i n e  a n a l y s i s .  The F o u r i e r  a n a l y s i s  o f  t h e  
s low phase eye movement d a t a  p rov ided est imates o f  t h e  response parameters 
g i v e n  by t h e  f o l l o w i n g  equat ion:  
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were B i s  b i a s  o r  average slow phase v e l o c i t y ,  w i t h  u n i t s  o f  deg/s, N i s  t h e  
number o f  s i n u s o i d a l  compon n t s  i n  t h e  pseudorandom s t i m u l u s ,  Ai i s  t h e  

t h e  it' frequency. A F o u r i e r  a n a l y s i s  o f  t h e  stimu'Clus v e l o c i t y  was performed 
t o  c a l c u l a t e  t h e  ampl i tudes and phases o f  t h e  s t i m u l u s  waveform. The r e f l e x  
ga ins  and phases a t  t h e  N s t i m u l u s  f requenc ies  were computed as t h e  r a t i o  o f  
response ampl i tude t o  s t i m u l u s  ampl i tude,  and t h e  d i f f e r e n c e  between response 
phase and s t i m u l u s  phase, r e s p e c t i v e l y .  As w i t h  s i n g l e  f requency s i n u s o i d a l  
s t i m u l i ,  a va lue  o f  180° i s  added t o  t h e  c a l c u l a t e d  phases f o r  t e s t s  o f  t h e  
VOR r e f l e x .  

respon e ampl i tude a t  t h e  i t6 frequency fi, and p. i s  t h e  response phase a t  

The g a i n  and phase va lues o f  t h e  VOR r e f l e x  were f i t t e d  w i t h  a t r a n s f e r  
f u n c t i o n  equat ion  ( S e i d e l  1975) o f  t h e  f o l l o w i n g  form: 

where Tv i s  an e s t i m a t e  o f  t h e  VOR t i m e  constant  ( u n i t s  o f  seconds), Kv i s .  
t h e  VOR g a i n  cons tan t ,  and s i s  t h e  Laplace t r a n s f o r m  v a r i a b l e .  

OKR g a i n  and phase d a t a  f o r  a l l  sub jec ts  were w e l l  f i t  by a t h r e e  parameter 
t r a n s f e r  f u n c t i o n  o f  t h e  form: 

where To i s  a t i m e  cons tan t  w i t h  u n i t s  o f  seconds, K i s  t h e  OKR g a i n  
cons tan t  r e l a t i n g  s low phase eye v e l o c i t y  t o  s t i m u l u s  vef'ocity, and Td i s  a 
t i m e  de lay  parameter w i t h  u n i t s  o f  seconds d e s c r i b i n g  t h e  l a g  between v i s u a l  
f i e l d  movement and eye movement. The Tos+i f a c t o r  r e p r e s e n t s  a lowpass 
f i l t e r  which accounts f o r  t h e  d e c l i n i n g  g a i n  w i t h  i n c r e a s i n g  frequency 
observed i n  some s u b j e c t s .  Larger values of To a r e  consistent with g a i n  
d e c l i n e s  b e g i n n i n g  a t  lower  f requencies.  A va lue  o f  zero f o r  To ( i .e .  t h e  
t r a n s f e r  f u n c t i o n  reduces t o  H k r { s )  = KO exp(-Tds))  accounts f o r  s u b j e c t s  
whose g a i n  d i d  n o t  d e c l i n e  w i t %  i n c r e a s i n g  frequency. T i s  n o t  t h e  t i m e  
cons tan t  assoc ia ted  w i t h  v e l o c i t y  s to rage and o p t o k i n e t i c  avternystagmus. 

C a l o r i c  Tests 

Four i r r i g a t i o n s  o f  t h e  e x t e r n a l  ear canals  were made u s i n g  a Brookler-Grams 
c losed loop c a l o r i c  i r r i g a t o r .  Subjects  were i n  a supine p o s i t i o n  w i t h  head 
e l e v a t e d  about 30' above h o r i z o n t a l  t o  assure maximal s t i m u l a t i o n  o f  t h e  
h o r i z o n t a l  s e m i c i r c u l a r  canals.  The c a l o r i c  t e s t  was n o t  performed on 
s u b j e c t s  under 12 years,  and complete d a t a  were n o t  o b t a i n e d  on o t h e r  
s u b j e c t s  s i n c e  some became nauseated o r  s imp ly  chose n o t  t o  cont inue t h e  
i r r i g a t i o n s  because o f  d i s c o m f o r t .  Each ear was a l t e r n a t e l y  i r r i g a t e d  f o r  45 
s a t  30 and 44OC. H o r i z o n t a l  and v e r t i c a l  eye movements were recorded w i th  
EOG techniques i d e n t i c a l  t o  those descr ibed f o r  r o t a t i o n  t e s t s .  Eye 
movements were recorded d u r i n g  and a f t e r  each i r r i g a t i o n  f o r  a t o t a l  o f  3 
minutes.  H o r i z o n t a l  eye movements were analyzed t o  c a l c u l a t e  peak slow phase 
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eye velocity. A comparison of peak velocities for the two ears provided an 
indication of the balance of sensitivity to thermal stimulation between the 
two ears. This comparison was quantified by the unilateral weakness measure 
defined by: 

where RW, RC, LW, LC are the absolute values of peak slow phase eye 
velocities recorded during right warm, right cold, left warm, and left cold 
irrigations, respectively (Barber and Stockwell 1980). Subjects were tasked 
throughout caloric testing to maintain alertness. 

Curve Fits to Aging Data 

In order to visualize trends in various response parameters as a function of 
age, a robust locally weighted regression analysis (lowess fit) was performed 
to obtain smoothed scatterplots (Cleveland 1979 and 1985). A lowess fit 
parameter of f=0.5 and iteration parameter of 2 were used on all data sets.' 

Data Quality 

The overall quality of each rotation and caloric test for each subject was 
subjectively given a rating of good, fair, or poor. Only good and fair 
quality data are included in the data summaries in the results section. 
Quality judgments were based on the standard deviation of response parameters 
(such as gain, phase, and bias from rotation tests), on the consistency of 
the responses throughout the duration of the stimulus, and on the accuracy of 
the eye movement analysis in the separation of slow and fast phases of 
nystagmus. The actual values of response parameters were not used in 
judgment of data quality. The test results from about 4 percent of subjects 
were rated poor for each test. Poor quality data for one subject on a given 
test was not used to disqualify other data from the same subject on other 
tests. 

Results 

The subjects showed a wide range of responses on most measures of 
vestibul o-ocular and oculomotor function. Age-re1 ated changes were 
identified in almost all rotation test response measures, but the magnitude 
of these changes was not large relative to the variability of the data. Most 
changes indicated a decline in function. In contrast, no obvious or 
consistent changes as a function of age were found in caloric test responses. 
There were no significant differences in reflexes between males and females. 

VOR Responses 

Typical VOR test results from a sinusoidal rotational stimulus are shown in 
Figure 1. Box graph distributions of gain, phase, bias, offset, and 
asymmetry are shown for the entire population at all test frequencies in 
Figures 2. Table 1 summarizes the statistics of these distributions. The 
small differences in N's are due to data eliminated because of poor quality, 
These distributions are reasonably symmetrical about their means. Gain 
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increased w i t h  i n c r e a s i n g  frequency and had lower v a r i a n c e  a t  0.8 Hz as 
compared t o  0.2 and 0.05 Hz. The phase var iance a l s o  decreased w i t h  
i n c r e a s i n g  frequency. The h i g h e r  v a r i a n c e  o f  t h e  0.05 Hz phase r e f l e c t s  t h e  
v a r i a b i l i t y  o f  t h e  VOR t i m e  cons tan t  i n  t h e  popu la t ion .  S ince phases a t  
h i g h e r  f requenc ies  a r e  n o t  a f f e c t e d  by t h e  VOR t i m e  cons tan t  t h e i r  
d i s t r i b u t i o n s  had lower  var iances. The var iance o f  t h e  o f f s e t  d i s t r i b u t i o n s  
a r e  a l l  somewhat l e s s  than t h e  var iances o f  t h e  b i a s  d i s t r i b u t i o n s .  Th is  i s  
c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  bo th  n o n l i n e a r  responses (asymmetr ic g a i n s )  and 
nonzero average s low eye v e l o c i t y  c o n t r i b u t e  t o  t h e  b i a s  measure. That i s ,  a 
p o r t i o n  o f  t h e  b i a s  measure i s  accounted f o r  by t h e  presence o f  asymmetr ical  
ga ins.  The remain ing  p o r t i o n ,  which i s  t h e  response o f f s e t ,  i s  t h e r e f o r e  
s m a l l e r  than t h e  b i a s .  

A sample o f  a t y p i c a l  response t o  a pseudorandom VOR s t i m u l u s  i s  shown i n  
F i g u r e  3.  The pseudorandom s t i m u l u s  evokes a complex eye movement p a t t e r n  
( F i g u r e  3C). However s e p a r a t i o n  o f  s low and f a s t  components, and c a l c u l a t i o n  
o f  s low phase eye v e l o c i t y  r e v e a l s  t h e  u n d e r l y i n g  compensatory mot ion ( F i g u r e  
3 8 ) .  A s p e c t r a l  a n a l y s i s  o f  s low eye v e l o c i t y  and t h e  recorded s t i m u l u s  
v e l o c i t y  p r o v i d e s  measures o f  response g a i n  and phase as a f u n c t i o n  o f  
s t i m u l u s  f requency. Examples o f  g a i n  and phase d a t a  f rom t h r e e  s u b j e c t s  a r e  
shown i n  F igure  4. T y p i c a l l y  t h e  g a i n  i s  lower  a t  t h e  l o w e s t  t e s t  f requency 
and increases w i t h  i n c r e a s i n g  frequency. I n  some s u b j e c t s  t h e  g a i n  
m o n o t o n i c a l l y  inc reases  over  t h e  f requency range t e s t e d  and i n  o t h e r s  i t  
appears t o  reach an asymptote. The s o l i d  l i n e s  th rough t h e  d a t a  p o i n t s  
r e p r e s e n t  curve  f i t s  o f  a two parameter t r a n s f e r  f u n c t i o n  ( e q u a t i o n  3 )  t o  t h e  
d a t a  o f  each sub jec t .  

The p a t t e r n  o f  VOR g a i n  and phase d a t a  o f  most s u b j e c t s  were s i m i l a r  i n  form 
t o  those i n  F i g u r e  4A, and were w e l l  c h a r a c t e r i z e d  by t h e  two parameter 
t r a n s f e r  f u n c t i o n  model (equat ion  3 ) .  However t h e r e  were d e v i a t i o n s  f rom 
t h i s  p a t t e r n  which a r e  e x e m p l i f i e d  by t h e  d a t a  f rom two o t h e r  s u b j e c t s  i n  
F igures  4B and C. The low frequency d a t a  i n  4B was f i t  w e l l  by t h e  two 
parameter model b u t  t h e  h i g h e r  f requency d a t a  showed i n c r e a s i n g  phase leads  
w i t h  i n c r e a s i n g  frequency. The phases o f  VOR responses t o  0.05, 0.2, and 0.8 
Hz s i n u s o i d a l  r o t a t i o n s  were 10.7O, 2.0°, and 6.9O, r e s p e c t i v e l y ,  f o r  t h i s  
s u b j e c t  and t h e r e f o r e  conf i rmed the  genera l  p a t t e r n .  A more accura te  curve  
f i t  t o  t h i s  d a t a  would r e q u i r e  a h i g h e r  f requency l e a d  t e r m  i n  t h e  t r a n s f e r  
f u n c t i o n .  A t r a n s f e r  f u n c t i o n  of t h i s  form would be s i m i l a r  t o  t h e  one used 
t o  d e s c r i b e  t h e  dynamic responses o f  phasic  canal  a f f e r e n t s  i n  t h e  s q u i r r e l  
monkey (Fernandez and Goldberg 1971). 

The VOR phase d a t a  i n  F i g u r e  4C was f a i r l y  f l a t  and g r e a t e r  t h a n  zero  across 
a l l  t e s t  f requencies.  The phase o f  responses t o  s i n u s o i d a l  s t i m u l i  were 
3.7O, -2.80, and 2.1° a t  0.05, 0.2, and 0.8 Hz, aga in  c o n f i r m i n g  t h e  genera l  
p a t t e r n  b u t  w i t h  l e s s  phase l e a d  than t h e  pseudorandom data.  The curve  f i t  
i d e n t i f i e d  a l o n g  VOR t i m e  cons tan t  o f  44.9 s .  However t h e  two parameter 
model does n o t  d e s c r i b e  e i t h e r  t h e  low o r  h i g h  frequency phase da ta  w e l l .  A 
t r a n s f e r  f u n c t i o n  f i t w i t h  a sk Laplace o p e r a t o r  i s  b e t t e r  a b l e  t o  d e s c r i b e  
t h i s  t y p e  o f  d a t a  (Anastas io  and C o r r e i a  1988). 

Pseudorandom s t i m u l u s  t e s t  r e s u l t s  a r e  d i s p l a y e d  i n  F i g u r e  5 as box graphs o f  
VOR g a i n  and phase d a t a  as a f u n c t i o n  o f  s t i m u l u s  f requency. As w i t h  s i n g l e  
f requency s i n u s o i d a l  r e s u l t s ,  t h e  v a r i a n c e  of g a i n  da ta  were s i m i l a r  across 
a l l  f requencies.  The v a r i a n c e  o f  phases d a t a  was l a r g e r  a t  l o w  f requenc ies  
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than a t  h i g h  probab ly  r e f l e c t i n g  t h e  var iance o f  t h e  VOR t i m e  cons tan t  among 
i n d i v i d u a l s .  The var iance o f  t h e  phase da ta  a t  1.535 Hz was l a r g e r  than t h e  
phase da ta  a t  a d j a c e n t  lower  f requencies.  This  p robab ly  r e s u l t e d  f rom t h e  
f a c t  t h a t  t h e  s t i m u l u s  ampl i tude o f  t h e  h i g h e s t  f requency component was h a l f  
t h a t  o f  t h e  lower  f requenc ies  r e s u l t i n g  i n  a lower  s i g n a l - t o - n o i s e  r a t i o  a t  
t h e  1.535 Hz t e s t  f requency. 

The d i s t r i b u t i o n  o f  t h e  VOR g a i n  constants  and t i m e  cons tan ts  f o r  t h e  
pseudorandom s t i m u l u s  a r e  shown i n  F i g u r e  6 and summarized i n  Table 2. The 
ga in  cons tan t  d i s t r i b u t i o n  was symmetr ical  w i t h  an average v a l u e  o f  0.72. 
The VOR t i m e  c o n s t a n t  d i s t r i b u t i o n  was skewed toward l o n g e r  t i m e  constants.  
Mean va lue was 24.4 s and median va lue  was 23.0 s .  Only two s u b j e c t s  had 
t i m e  constants  be low 10 s .  One of these s u b j e c t s  ( t i m e  c o n s t a n t  = 8.2 s )  had 
a p a r t i a l  u n i l a t e r a l  l o s s  o f  v e s t i b u l a r  f u n c t i o n  as judged by c a l o r i c  
t e s t i n g .  A s h o r t  t i m e  cons tan t  i s  c o n s i s t e n t  w i t h  a u n i l a t e r a l  l o s s  o f  
v e s t i b u l a r  f u n c t i o n  as r e p o r t e d  i n  animal models and humans (Wolfe and Kos 
1977; Paige 1983; Honrubia e t  a l .  1984; Peterka and Black 1987). The o t h e r  
s u b j e c t  ( t i m e  c o n s t a n t  = 7.0 s )  had normal c a l o r i c  t e s t  r e s u l t s .  Therefore 
t h e  abnormal ly s h o r t  t i m e  constant  f o r  t h i s  s u b j e c t  remains an unexplained 
an omal y . 
Comparison o f  VOR Measured by S i n g l e  Frequency and Pseudorandom S t i m u l i  

I f  t h e  VOR were a l i n e a r  system, then g a i n  and phase d a t a  obta ined f rom 
s i n g l e  f requency s i n u s o i d a l  and pseudorandom s t i m u l a t i o n  shou ld  be i d e n t i c a l  
w i t h i n  t h e  random v a r i a b i l i t y  in t roduced by measurement e r r o r s .  S t a t i s t i c a l  
comparisons were made between t h e  s i n g l e  f requency and pseudorandom ga ins  and 
phases and a r e  shown i n  Table 3. S i n g l e  s i n e  and pseudorandom r e s u l t s  were 
n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  lowest  f requency (0.05 Hz). Small b u t  
c o n s i s t e n t  d i f f e r e n c e s  were e v i d e n t  a t  h i g h e r  f requencies.  I n  p a r t i c u l a r ,  
t h e  s i n g l e  f requency g a i n  was h i g h e r  a t  0.8 Hz than t h e  pseudorandom d e r i v e d  
ga in  and t h e  pseudorandom phase values a t  0.2 and 0.8 Hz were phase advanced 
by about 30 compared t o  s i n g l e  frequency s i n e  r e s u l t s .  The improved phase 
response from s i n e  t e s t s  may represent  a smal l  p r e d i c t i v e  e f f e c t .  However 
t h i s  e f f e c t  d i d  n o t  apparent ly  c a r r y  over  t o  t h e  0.05 Hz data.  

The g a i n  va lue  from t h e  0.8 Hz t e s t  was h i g h e r  than t h e  pseudorandom t e s t  
r e s u l t .  Th is  m i g h t  a l s o  be due t o  a p r e d i c t i v e  e f f e c t .  However, i n  t h i s  
case i t  seems l i k e l y  t h a t  t h e  d a t a  a n a l y s i s  methods cou ld  have c o n t r i b u t e d  t o  
t h i s  h i g h e r  va lue.  Dur ing t h e  a n a l y s i s  o f  t h e  s i n g l e  f requency s i n e  t e s t s ,  
t h e  exper imenter  had t h e  a b i l i t y  t o  r e j e c t  d a t a  f rom s t i m u l u s  c y c l e s  which 
were o b v i o u s l y  cor rup ted .  These c o r r u p t e d  d a t a  c y c l e s  c o u l d  e a s i l y  be 
i d e n t i f i e d  based on gain,  phase, and/or  b i a s  va lues  which d e v i a t e d  g r e a t l y  
f rom t h e  va lues f o r  o t h e r  cyc les.  There were severa l  causes f o r  poor d a t a  
c y c l e s  i n c l u d i n g  t r a n s i e n t  increased EMG i n t e r f e r e n c e  as a s u b j e c t  squinted,  
excess ive b l i n k i n g ,  l o o k i n g  up o r  down, i n a t t e n t i v e n e s s  t o  task ing,  and 
f a i l u r e  of  t h e  f a s t  phase eye movement d e t e c t i o n  a lgor i thm.  Wi th experience, 
i t  became a s imp le  task  t o  d e t e c t  and c o r r e c t  these problems by r e j e c t i n g  t h e  
a f f e c t e d  cyc les.  The n e t  e f f e c t  u s u a l l y  increased t h e  average g a i n  measure. 
Eye movement r e c o r d i n g s  were a l s o  t r a n s i e n t l y  c o r r u p t e d  d u r i n g  pseudorandom 
t e s t i n g .  However we d i d  n o t  have a means o f  c o r r e c t i n g  o r  e l i m i n a t i n g  these 
problems and t h e y  were t h e r e f o r e  averaged i n t o  t h e  f i n a l  r e s u l t .  Therefore 
t h e  r e j e c t i o n  o f  cor rup ted  p o r t i o n s  o f  s i n g l e  s i n e  r e s u l t s ,  b u t  n o t  
pseudorandom r e s u l t s ,  cou ld  account f o r  t h e  h i g h e r  ga ins  measured d u r i n g  
s i n u s o i d a l  r o t a t i o n s .  
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VOR Responses t o  C a l o r i c  S t i m u l i  

C a l o r i c  t e s t  r e s u l t s  a r e  g e n e r a l l y  i n  agreement w i t h  those o f  o t h e r s  (Barber 
and Stockwel l  1980) who r e p o r t  normal ranges o f  u n i l a t e r a l  weakness o f  about 
15 t o  25%. Our r e s u l t s  a r e  c o n s i s t e n t  w i t h  a 25% upper l i m i t  o f  normal s i n c e  
95% o f  our  s u b j e c t s  had u n i l a t e r a l  weakness measures below t h i s  value. The 
d i s t r i b u t i o n  o f  peak s low phase eye v e l o c i t y  had a mean o f  17.Oo/s (+/ -  9.0 
s.d., range 4.5 t o  63.2) and was skewed toward l a r g e r  values. 

OKR Responses 

T y p i c a l  OKR t e s t  r e s u l t s  f rom pseudorandom s t i m u l a t i o n  f o r  two sub jec ts  a r e  
shown i n  F i g u r e  7. Response g a i n  was l e s s  than u n i t y  i n  a l l  sub jec ts .  The 
ga ins  o f  most s u b j e c t s  were approx imate ly  f l a t  across t h e  bandwidth o f  
f requenc ies  t e s t e d  (0.02 t o  1.5 Hz) as i n  F i g u r e  7A. Phase was near Oo a t  
t h e  lowest  f requenc ies  and showed monotonic i n c r e a s i n g  phase l a g s  as 
frequency increased.  Since p e r f e c t  t r a c k i n g  o f  t h e  v i s u a l  s t imu lus  i s  
represented  by u n i t y  g a i n  and zero phase a t  a l l  f requenc ies ,  s u b j e c t s  
demonstrated very  i m p e r f e c t  t r a c k i n g  i n  terms o f  b o t h  ampl i tude ( g a i n )  and 
t i m i n g  (phase). OKR response b i a s  was near zero f o r  a l l  s u b j e c t s .  The major  
v a r i a t i o n  on t h e  t y p i c a l  OKR r e s u l t  was t h e  presence o f  d e c l i n i n g  g a i n  w i t h  
i n c r e a s i n g  f requency i n  some sub jec ts .  F i g u r e  78 shows t h e  OKR t r a n s f e r  
f u n c t i o n  d a t a  f rom one such subject .  

The means, s tandard d e v i a t i o n s ,  and ranges o f  OKR g a i n  constant ,  t i m e  
cons tan t ,  t i m e  de lay ,  and b i a s  a r e  g i v e n  i n  Table 4. The d i s t r i b u t i o n  o f  
these parameters a r e  shown i n  t h e  h is tograms i n  F i g u r e  8. Both t h e  g a i n  
cons tan t  and t i m e  d e l a y  have approx imate ly  symmetric d i s t r i b u t i o n s .  I n  
c o n t r a s t ,  t h e  OKR t i m e  cons tan t  has a h i g h l y  skewed and p o s s i b l y  bimodal 
d i s t r i b u t i o n  w i t h  about 40 percent  o f  t h e  va lues near zero. OKR t i m e  
cons tan ts  near zero  r e f l e c t  t h e  f a c t  t h a t  OKR ga ins  f o r  t h e s e  s u b j e c t s  were 
approx imate ly  cons tan t  over  t h e  f requency range tes ted .  

The OKR pseudorandom s t i m u l u s  was q u i t e  p r o v o c a t i v e  i n  t h e  i n i t i a t i o n  o f  
mot ion  s ickness symptoms. Twenty s u b j e c t s  requested t h e  t e r m i n a t i o n  o f  
testing as a result o f  the onset o f  motion sickness symptoms. Approximately 
an equal  number exper ienced mot ion s ickness symptoms b u t  were a b l e  t o  
complete t h e  220 s d u r a t i o n  OKR s t imu lus .  It was n o t  p o s s i b l e  t o  c a l c u l a t e  
OKR ga ins  and phases from incomplete t r i a l s  us ing  our  c u r r e n t  a n a l y s i s  
methods. There fore  i t  was n o t  p o s s i b l e  t o  t e s t  t h e  hypothes is  t h a t  abnormal 
OKR responses were r e l a t e d  t o  mot ion  s ickness s e n s i t i v i t y  i n  these h i g h l y  
s u s c e p t i b l e  sub jec ts .  However, OKR ga ins  and phases f rom sub jec ts  who 
r e p o r t e d  t h e  onset  o f  mot ion  s ickness symptoms b u t  were a b l e  t o  complete t h e  
t e s t  d i d  n o t  show any obvious d i f f e r e n c e s  compared w i t h  s u b j e c t s  who d i d  n o t  
r e p o r t  symptoms. A lso  comparisons o f  VOR r o t a t i o n  t e s t  r e s u l t s  o f  OKR mot ion  
s ickness s u s c e p t i b l e  s u b j e c t s  w i t h  nonsuscept ib le  s u b j e c t s  d i d  n o t  r e v e a l  any 
d i f f e r e n c e s  between these populat ions.  

Age-Related Changes i n  VOR, OKR, and C a l o r i c  Responses 

Several  VOR and OKR response parameters changed w i t h  age (F igures  9-12). 
However a l l  r o t a t i o n  t e s t  measures o f  VOR response symmetry ( t h e  a b s o l u t e  
va lues  o f  VOR b i a s ,  o f f s e t ,  and asymnetry) d i d  no t .  The c a l o r i c  t e s t  measure 
o f  response symmetry ( u n i l a t e r a l  weakness) was cons tan t  u n t i l  age 55 years,  
and then showed an upward t r e n d  ( F i g u r e  128). 
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Many o f  t h e  age- re la ted  changes showed rough ly  l i n e a r  t rends .  L inea r  
reg ress ion  slope, i n t e r c e p t ,  and c o r r e l a t i o n  c o e f f i c i e n t s  a r e  summarized i n  
Table 5. I n  p a r t i c u l a r ,  a l l  s i n g l e  s i n e  ga ins  ( F i g u r e  9) decreased w i t h  
i n c r e a s i n g  age. The g a i n  t r e n d  was more c o n s i s t e n t  a t  0.05 Hz than a t  0.2 
and 0.8 Hz. S i n g l e  s i n e  response phases increased w i t h  i n c r e a s i n g  age a t  a l l  
f requencies tes ted ,  a l t hough  t h e  e f f e c t  was more pronounced a t  0.2 and 0.8 Hz 
than a t  0.05 Hz. Both VOR t ime  cons tan t  de r i ved  from pseudorandom r e s u l t s  
(F igu re  lOB), and OKR g a i n  cons tan t  (F igu re  11A) i nc reased  s l i g h t l y  i n  
sub jec ts  up t o  about 30 years,  and then decreased w i t h  i n c r e a s i n g  age. The 
OKR t i m e  de lay  parameter increased w i t h  i n c r e a s i n g  age. The OKR t ime  d e l a y  
showed t h e  c l e a r e s t  age - re la ted  t r e n d  ( r  = 0.53 and s lope  = 1.2 ms/year) o f  
a l l  VOR and OKR parameters. 

The age- re la ted  change i n  t h e  OKR t ime  cons tan t  was c l e a r l y  n o t  l i n e a r .  Data 
i n  F i g u r e  l l B  show t h a t  a l a r g e  number o f  sub jec ts  between about 20 and 60 
years  had OKR t i m e  cons tan ts  c lose  t o  zero, i n d i c a t i n g  t h a t  t h e i r  OKR g a i n  
was cons tan t  across f requency. I n  c o n t r a s t ,  t h e r e  were v e r y  few s u b j e c t s  
under 20 years  and p r o p o r t i o n a l l y  fewer o f  t h e  sub jec ts  over  60 which had 
zero OKR t ime  cons tan ts ,  i n d i c a t i n g  t h a t  on average t h e i r  OKR ga in  d e c l i n e d  
w i t h  i n c r e a s i n g  frequency. The lowess curve f i t  i n d i c a t e s  t h a t  age - re la ted  
t rends  were minimal f o r  s u b j e c t s  between 20 and 60 years. Sub jec ts  under 20 
yea rs  showed an age- re la ted  d e c l i n e  i n  t h e i r  OKR t i m e  constant w i t h  
i n c r e a s i n g  age. Sub jec ts  over 60 years  showed an age- re la ted  inc rease i n  
t h e i r  OKR t ime  cons tan t  w i t h  i n c r e a s i n g  age. 

Age-related e f f e c t s  on c a l o r i c  t e s t  r e s u l t s  were ambiguous. A l i n e a r  
r e g r e s s i o n  curve  f i t  t o  t h e  da ta  i n  F i g u r e  12A showed an average decrease i n  
peak s low phase eye v e l o c i t y  w i t h  i n c r e a s i n g  age. The l i n e a r  r e g r e s s i o n  had 
an assoc ia ted  c o r r e l a t i o n  c o e f f i c i e n t  o f  -0.15 which i s  s i g n i f i c a n t l y  
d i f f e r e n t  f rom zero (P<0.05). However t h e  lowess f i t  shown i n  F igu re  12A 
i n d i c a t e d  t h a t  a l i n e a r  reg ress ion  was probab ly  n o t  an a p p r o p r i a t e  
d e s c r i p t i o n  o f  t h e  da ta .  Peak slow phase v e l o c i t y  decreased f o r  sub jec ts  up 
t o  about 40 years,  and then  increased a t  a low r a t e  f o r  o l d e r  sub jec ts .  

F igu re  12B p l o t s  t h e  abso lu te  va lue  o f  t he  u n i l a t e r a l  weakness measure 
a g a i n s t  age. The lowess f i t  shows e s s e n t i a l l y  no change over t h e  f i r s t  6 age 
decades, and a s l i g h t  i nc rease  i n  o l d e r  sub jec ts .  Due t o  t h e  l a r g e  va r iance  
i n  t h e  data,  a much l a r g e r  sample would be r e q u i r e d  t o  de termine i f  t h e  smal l  
i nc rease  i n  o l d e r  s u b j e c t s  was s i g n i f i c a n t .  

Discussion 

We were ab le  t o  c l e a r l y  i d e n t i f y  age e f f e c t s  on v e s t i b u l a r  and oculomotor 
r e f l e x e s .  The d i r e c t i o n  ,o f  change o f  some r e f l e x  parameters were expected, 
such as d e c l i n i n g  VOR ga ins ,  d e c l i n i n g  OKR ga ins ,  and increased t ime  de lays  
i n  t h e  OKR w i t h  i n c r e a s i n g  age. Other age - re la ted  changes were n o t  expected. 
These i n c l u d e  increased VOR phase leads  w i t h  i n c r e a s i n g  age, t h e  f a c t  t h a t  
VOR f u n c t i o n  determined u s i n g  c a l o r i c  t e s t i n g  d i d  no t  show t h e  same t r e n d  as 
VOR f u n c t i o n  measured u s i n g  r o t a t i o n  t e s t s ,  and decreased h i g h  frequency OKR 
g a i n  o f  t h e  youngest and o l d e s t  s u b j e c t s  as compared t o  m i d d l e  aged sub jec ts .  
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VOR Changes w i t h  Age 

Age-re la ted changes i n  t h e  VOR do n o t  appear t o  r e f l e c t  age- re la ted  
p e r i p h e r a l  v e s t i b u l a r  anatomical  changes. F i g u r e  13 shows t h e  lowess curve  
f i t  t o  0.8 Hz VOR g a i n  versus age p l o t t e d  a long w i t h  curve  f i t s  t o  d a t a  on 
human c r i s t a  h a i r  c e l l  counts (Rosenhal l  1973) , v e s t i b u l a r  nerve f i b e r s  
(Bergstrom 1973), and Scarpa's gang l ion  c e l l s  ( R i c h t e r  1980) as a f u n c t i o n  o f  
age. The o r d i n a t e  sca les  a r e  l i n e a r  and were normal ized t o  t h e i r  values a t  a 
s u b j e c t  age o f  30 years.  For ages up t o  about 50 years  t h e r e  i s  a gradual  
d e c l i n e  i n  b o t h  VOR g a i n  and t h e  v a r i o u s  measures o f  p e r i p h e r a l  v e s t i b u l a r  
anatomic components. For t h e  VOR g a i n  t h i s  gradual  d e c l i n e  cont inues a t  
about t h e  same r a t e  i n t o  t h e  h i g h e r  age decades. However t h e  r a t e  o f  d e c l i n e  
o f  a l l  anatomic measures g r e a t l y  increases a f t e r  about age 60, r e s u l t i n g  i n  a 
d ivergence between t h e  anatomical  and p h y s i o l o g i c a l  data.  The n e t  e f f e c t  i s  
t h a t  t h e  VOR f u n c t i o n s  b e t t e r  i n  s u b j e c t s  o l d e r  than 60 years  than would be 
p r e d i c t e d  based on changes i n  p e r i p h e r a l  v e s t i b u l a r  anatomy. 

Because t h e  s u b j e c t s  o f  t h i s  s tudy were vo lun teers ,  i t  c o u l d  be argued t h a t  
t h e  sample o f  o l d e r  s u b j e c t s  would be b iased i n  f a v o r  o f  e x c e p t i o n a l l y  
h e a l t h y  e l d e r l y  i n d i v i d u a l s  who do n o t  r e f l e c t  t h e  p h y s i o l o g i c a l  f u n c t i o n  of 
a randomly s e l e c t e d  popu la t ion .  Th is  seems u n l i k e l y  f o r  s e v e r a l  reasons. 
The a u d i t o r y  pure  tone t h r e s h o l d  f u n c t i o n s  o f  our  s u b j e c t s  were c o n s i s t e n t  
w i t h  t h e  expected age- re la ted  changes (Rowland 1980). A d d i t i o n a l l y  extended 
frequency audiometry  (8-20 KHz) was performed on most s u b j e c t s  and showed 
c o n s i s t e n t  m o n o t o n i c a l l y  d e c l i n i n g  f u n c t i o n  w i t h  i n c r e a s i n g  age. The OKR 
t i m e  de lay  a l s o  showed monotonic increases w i t h  age. F i n a l l y ,  pos ture  t e s t  
r e s u l t s  (Peterka  and Black 1989) i n  t h e  same s u b j e c t s  showed c l e a r  age 
e f f e c t s  which appeared more c l o s e l y  r e l a t e d  t o  t h e  t i m e  course o f  p e r i p h e r a l  
v e s t i b u l a r  anatomical  changes. It seems u n l i k e l y  t h a t  t h e  p e r i p h e r a l  
v e s t i b u l a r  system o f  these sub jec ts  would escape d i s t r i b u t e d  ag ing  processes 
when o t h e r  systems d i d  not.  

The increases i n  VOR phase leads a t  h i g h e r  f requenc ies  w i t h  i n c r e a s i n g  age 
were n o t  a n t i c i p a t e d .  On t h e  sur face  they  would seem t o  represent  a 
degradat ion o f  f u n c t i o n  s i n c e  increased phase leads  t a k e  t h e  system response 
away from the goal of perfect compensatory eye movements (unity gain and zero 
phase). Perhaps t h e  phase advance i s  an a r t i f a c t  o f  an a d a p t a t i o n  which 
improves o v e r a l l  VOR f u n c t i o n .  For example, s t u d i e s  o f  p e r i p h e r a l  
s e m i c i r c u l a r  canal  f u n c t i o n  i n  t h e  s q u i r r e l  monkey have shown t h a t  h i g h e r  
g a i n  p e r i p h e r a l  nerve  f i b e r s  have dynamic p r o p e r t i e s  which i n c l u d e  phase 
advances a t  h i g h e r  f requenc ies  (Fernandez and Goldberg 1971). Phase advances 
i n d i c a t e  a s e n s i t i v i t y  t o  t h e  v e l o c i t y  o f  cupula d e f l e c t i o n  i n  a d d i t i o n  t o  
t h e  cupula p o s i t i o n  (which i s  assumed i n  t h e  c l a s s i c a l  d e s c r i p t i o n  o f  canal  
dynamics). I n  c o n t r a s t ,  lower  g a i n  canal f i b e r s  show cupu la  p o s i t i o n  
s e n s i t i v i t y  and t h e r e f o r e ,  due t o  t h e  i n t e g r a t i n g  accelerometer 
c h a r a c t e r i s t i c s  o f  canal  b iophys ics ,  t h e  nerve responses a r e  i n  phase w i t h  
head v e l o c i t y  a t  h i g h e r  f requenc ies  o f  r o t a t i o n a l  movements. 

On t h e  b a s i s  o f  our  r e s u l t s ,  we might  p o s t u l a t e  t h a t  i n  young people, low 
g a i n  t o n i c  canal  f i b e r s  p r o v i d e  t h e  major  c o n t r i b u t i o n  t o  t h e  VOR. As t h e  
s u b j e c t  ages and t h e r e  i s  a gradual  l o s s  o f  p e r i p h e r a l  canal  i n p u t  due t o  
c e l l  death, a d a p t i v e  mechanisms i n  t h e  c e n t r a l  nervous system may be a b l e  t o  
s e l e c t i v e l y  i n c r e a s e  t h e  c o n t r i b u t i o n  of h i g h  g a i n  canal nerve  input .  The 
sum e f f e c t  would be t o  m a i n t a i n  t h e  g a i n  o f  t h e  VOR a t  a reasonable l e v e l  
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a l l o w i n g  f o r  t h e  genera t i on  o f  adequate compensatory eye movements. However 
t h i s  mechanism o f  ga in  enhancement would be accompanied by  t h e  p o s s i b l y  
undes i rab le  phase leads  assoc ia ted  w i t h  t h e  dynamics o f  t h e  h i g h  g a i n  canal  
f i b e r s .  One c o u l d  f u r t h e r  hypothes ize  t h a t  a t r a d e - o f f  i s  o c c u r r i n g  between 
ma in ta in ing  t h e  d e s i r a b l e  f e a t u r e  o f  h i g h  VOR ga in  and t h e  undes i rab le  
f e a t u r e  o f  phase advances i n  a d i r e c t i o n  away from p e r f e c t  eye movement 
compensation. Simply s ta ted ,  t h e r e  appears t o  be a t r a d e - o f f  i n  f a v o r  o f  
m a i n t a i n i n g  response ampl i tude a t  t h e  expense o f  t i m i n g  w i t h  i n c r e a s i n g  age. 

This  hypothes is  may be c o n s i s t e n t  w i t h  t h e  mu l t i channe l  model o f  t h e  VOR 
developed by M i l e s  e t  a l .  (1985) t o  e x p l a i n  t h e  dynamic p r o p e r t i e s  o f  VOR 
adapta t ion .  However, assuming t h a t  human and monkey VOR a d a p t a t i o n  occurs by 
s i m i l a r  mechanisms, t h e r e  a r e  o t h e r  s t u d i e s  which a re  n o t  c o n s i s t e n t  w i t h  
t h i s  hypothes is .  Minor and Goldberg (1986) have shown t h a t  phasic canal  
f i b e r s  do n o t  appear t o  c o n t r i b u t e  a t  a l l  t o  t h e  VOR o f  t h e  s q u i r r e l  monkey. 
If phasic f i b e r s  do n o t  c o n t r i b u t e  t o  t h e  VOR, then  they  cannot p a r t i c i p a t e  
i n  a l t e r a t i o n s  i n  VOR dynamics. One might  argue t h a t  these phasic f i b e r s  
on l y  c o n t r i b u t e  t o  t h e  VOR when they  a r e  needed f o r  t h e  a d a p t i v e  enhancement 
of t he  r e f l e x .  However t h i s  would be i n c o n s i s t e n t  w i t h  o t h e r  r e s u l t s  which 
suggest t h a t  i t  i s  an enhancement o f  t h e  c o n t r i b u t i o n  o f  t h e  t o n i c  f i b e r s  
which mediates adap t i ve  inc reases  i n  VOR g a i n  ( L i s b e r g e r  and Pavelko 1986; 
L i sbe rge r  1988). 

F i n a l l y ,  a hypo thes i s  c a l l i n g  f o r  an increased phasic f i b e r  c o n t r i b u t i o n  t o  
the  VOR o f  o l d e r  sub jec ts  may a l s o  be i n c o n s i s t e n t  w i t h  anatomical  ag ing  
r e s u l t s  which showed r e l a t i v e l y  g r e a t e r  h a i r  c e l l  l o s s  on t h e  c r e s t  o f  t h e  
c r i s t a  (Rosenhal l  1973), and t h e  g r e a t e s t  losses  o f  t h e  t h i c k  f i b e r s  
i n n e r v a t i n g  t h e  canal c r i s t a s  (Bergstrom 1973). Since t h e  h ighe r  g a i n  
a f f e r e n t  f i b e r s ,  a t  l e a s t  i n  t h e  guinea p i g  and t h e  s q u i r r e l  monkey, t end  t o  
be l a r g e r  i n  d iameter  and t o  o r i g i n a t e  f rom t h e  c r e s t  o f  t h e  c r i s t a  (Goldberg 
and Fernandez 1977; Fernandez e t  a l .  1988; B a i r d  e t  a l .  1988), t h e  s e l e c t i v e  
l o s s  o f  these c e l l s  w i t h  i n c r e a s i n g  age would o b v i o u s l y  p rec lude  t h e i r  
p a r t i c i p a t i o n  i n  VOR g a i n  enhancement. 

Current unders tand ing  o f  t h e  mechanisms o f  VOR adap ta t i on  and o f  anatomical  
changes i n  p e r i p h e r a l  v e s t i b u l a r  r e c e p t o r s  does n o t  a l l o w  an easy f i t  t o  our 
VOR data. VOR adap ta t i on  has g e n e r a l l y  been s t u d i e d  i n  young o r  young a d u l t  
animals. Perhaps t h e  aging process a l s o  e f f e c t s  t h e  f u n c t i o n a l i t y  o f  t h e  
c e n t r a l  neura l  networks i n v o l v e d  i n  t h e  adap t i ve  process. An ag ing  adap t i ve  
neura l  network c o u l d  c o n t r i b u t e  i t s  own dynamic component t o  t h e  VOR which 
d i f f e r s  f r o m  those observed i n  younger animals. 

OKR Changes w i t h  Age 

The r a t e  a t  which t h e  OKR t i m e  de lay  increased w i t h  age was q u i t e  l a r g e ,  and 
i s  s i m i l a r  t o  t h e  changes found i n  p u r s u i t  l a t e n c y  w i t h  i n c r e a s i n g  age 
(Sharpe and S y l v e s t e r  1978; Spooner e t  a l .  1980). If t h i s  increased t i m e  
de lay  i s  r e p r e s e n t a t i v e  of general  changes i n  t h e  speed o f  v i s u a l  system 
mot ion  process ing  assoc ia ted  w i t h  v isuo-motor tasks ,  t h i s  c o u l d  a f f e c t  tasks ,  
such as pos tu re  c o n t r o l ,  which use v i s i o n  f o r  feedback c o n t r o l .  Longer 
feedback t ime  de lays  g e n e r a l l y  c o n t r i b u t e  t o  decreased s t a b i l i t y  and poorer  
o v e r a l l  performance. 
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However t h e  i n t e r p r e t a t i o n  o f  age- re la ted  changes i n  OKR t i m e  de lay  i s  
compl icated by t h e  f a c t  t h a t  t h e  OKR t i m e  cons tan t  and t i m e  d e l a y  parameters 
a r e  probably  n o t  s t a t i s t i c a l l y  independent. Th is  i s  because t h e  l a g  term 
T s+l i n  equat ion  ( 4 1  which accounts f o r  t h e  d e c l i n i n g  g a i n  a t  h i g h e r  
s?imulus f requenc ies  a so accounts f o r  some o f  t h e  phase l a g .  The l a r g e r  t h e  
OKR t i m e  cons tan t ,  t h e  more phase accounted f o r  by t h e  l a g  term, and 
t h e r e f o r e  t h e  s m a l l e r  t h e  va lue o f  t h e  OKR t i m e  d e l a y  parameter r e q u i r e d  t o  
e x p l a i n  t h e  remain ing  phase lag .  Since t h e  youngest s u b j e c t s  had t h e  l a r g e s t  
OKR t i m e  cons tan ts ,  t h i s  would tend t o  b i a s  t h e i r  t i m e  d e l a y  parameters 
toward lower  values. The o l d e s t  s u b j e c t s  a l s o  tended t o  have l a r g e r  OKR t i m e  
cons tan ts  which shou ld  a l s o  b i a s  t h e i r  t i m e  de lays  toward lower  values. 
However F igure  11C shows t h a t ,  d e s p i t e  t h i s  p o s s i b l e  b i a s ,  o l d e r  s u b j e c t s  had 
t h e  l a r g e s t  t i m e  de lays  i n  t h e  popu la t ion .  T h i s  i n d i c a t e s  t h a t  t h e  t i m e  
d e l a y  assoc ia ted  w i t h  v i s u a l  p rocess ing  o f  mot ion i n f o r m a t i o n  must t r u l y  be 
i n c r e a s i n g  w i t h  age. However t h e  t i m e  course o f  t i m e  d e l a y  inc rease i n  
F i g u r e  11C may be d i s t o r t e d  by t h e  i n t e r a c t i o n  w i t h  t h e  OKR t i m e  cons tan t  
parameter. 

When i n d i v i d u a l s '  OKR d a t a  were f i t  w i t h  a t r a n s f e r  f u n c t i o n  model o f  t h e  
form Koexp(-T s ) ,  which d i d  n o t  i n c l u d e  t h e  l a g  term i n  equat ion  ( 4 ) ,  a 
d i f f e r e n t  P a t t e r n  of  change of T w i t h  age emerged. On average t h i s  new Td 
was about 50 ms l o n g e r  than t h e  fd f rom equat ion ( 4 )  f i t s .  Subjects  ounger 
than Sub jec ts  aged 2 ti t o  25 
years  had t h e  s h o r t e s t  t i m e  delays o f  t h e  e n t i r e  p o p u l a t i o n ;  averaging about 
210 ms- T inc reased w i t h  i n c r e a s i n g  age i n  s u b j e c t s  o l d e r  than 25 years.  
The r a t e  o f  i n c r e a s e  was about 0.8 ms/year f o r  s u b j e c t s  up t o  about age 50 
years,  and then about 1.6 mslyear f o r  s u b j e c t s  over  50 years.  

16 years  had t i m e  de lays  averaging about 240 ms. 

The changes i n  OKR t i m e  cons tan t  w i t h  age were n o t  expected. Both younger 
(<15 y e a r s )  and o l d e r  (>65 years)  s u b j e c t s  were r e l a t i v e l y  l e s s  responsive t o  
t h e  h i g h e r  f requency components o f  t h e  s t imu lus .  The lower OKR 
responsiveness a t  h i g h e r  f requenc ies  cou ld  have f u n c t i o n a l  consequences, 
p a r t i c u l a r l y  f o r  o l d e r  sub jec ts .  Whi le  i t  i s  g e n e r a l l y  apprec ia ted  t h a t  
v i s u a l  t r a c k i n g  r e f l e x e s  improve v i s u a l - v e s t i b u l a r  generated compensatory eye 
movements d u r i n g  l o w  frequency head movements, v i s u a l  m o t i o n  i n f o r m a t i o n  i s  
a p p a r e n t l y  used t o  improve t h e  dynamics of compensatory eye movements a t  
h i g h e r  s t i m u l u s  f r e q u e n c i e s  assoc ia ted  w i t h  n a t u r a l  head movements (Peterka 
e t  a l .  1987). T h i s  would be p a r t i c u l a r l y  impor tan t  f o r  i n d i v i d u a l s  who had 
VOR phase leads a t  h i g h e r  f requencies ( F i g u r e  4B). Since o l d e r  i n d i v i d u a l s  
had l a r g e r  VOR phase leads on average than younger s u b j e c t s ,  we might  expect  
t h a t  t h e  o l d e r  s u b j e c t s  would need more h e l p  f rom t h e i r  v i s u a l  t r a c k i n g  
r e f l e x e s  t o  c o r r e c t  t h e  imper fect  VOR dynamics. However t h e  s e n s i t i v i t y  t o  
o p t o k i n e t i c  mot ion  a t  h i g h e r  f requenc ies  d e c l i n e d  i n  many o l d e r  s u b j e c t s  
making i t  l e s s  l i k e l y  t h a t  v i s u a l  t r a c k i n g  r e f l e x e s  c o u l d  c o r r e c t  f o r  
i m p e r f e c t  VOR dynamics. 

C1 i n i c a l  S i g n i f i c a n c e  

The presence o f  age- re la ted  changes i n  oculomotor r e f l e x  f u n c t i o n  has 
i m p l i c a t i o n s  f o r  t h e  assessment o f  normal f u n c t i o n .  P a r t  o f  t h e  v a r i a b i l i t y  
of VOR response parameters i s  caused by t h i s  age e f f e c t .  The square o f  t h e  
c o r r e l a t i o n  c o e f f i c i e n t  g i v e s  an e s t i m a t e  o f  t h e  p r o p o r t i o n  o f  v a r i a n c e  
r e l a t e d  t o  changes w i t h  age. The VOR g a i n  versus age measures had 
c o r r e l a t i o n  c o e f f i c i e n t s  between 0.3 and 0.4. There fore  approx imate ly  10 t o  
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15% of t h e  va r iance  o f  ga in  da ta  i s  accounted f o r  by t h e  ag ing  a f f e c t .  The 
l a r g e s t  c o r r e l a t i o n  c o e f f i c i e n t  was 0.53 f o r  t he  OKR t i m e  d e l a y  i n d i c a t i n g  
t h a t  28% o f  t h e  va r iance  was due t o  t h e  e f f e c t  o f  aging. Normal sca les  o f  
v e s t i b u l a r  and oculomotor f u n c t i o n  shou ld  account f o r  these age e f f e c t s .  

Since t h e  m a j o r i t y  o f  t h e  observed response v a r i a b i l i t y  i s  independent of 
age, i t  i s  c l e a r  t h a t  t h e  f u n c t i o n a l  c h a r a c t e r i s t i c s  va ry  w i d e l y  w i t h i n  any 
g iven age group i n  a p u t a t i v e l y  normal popu la t i on .  To t h e  e x t e n t  t h a t  t h e  
aging a f f e c t s  a r e  d e l e t e r i o u s  and t h a t  our r e f l e x  measures a c c u r a t e l y  
c h a r a c t e r i z e  t h e  genera l  d e c l i n e  i n  f u n c t i o n ,  a s i g n i f i c a n t  p r o p o r t i o n  o f  
sub jec ts  w i t h i n  any age group look  " o l d e r "  than t h e i r  c h r o n o l o g i c a l  ages and 
a re  t h e r e f o r e  l e s s  f u n c t i o n a l  w i t h  rega rds  t o  t h e i r  o r i e n t a t i o n  c o n t r o l  
a b i l i t i e s .  One c o u l d  hypothesize t h a t  these s u b j e c t s  would be more 
s u s c e p t i b l e  t o  t h e  development o f  ba lance and o r i e n t a t i o n  c o n t r o l  problems as 
they  age s ince  we cou ld  expect t h e i r  f u n c t i o n  t o  f u r t h e r  d e c l i n e  w i t h  age. 
Perhaps t h e r e  i s  some t h r e s h o l d  beyond which the  b r a i n ' s  a d a p t i v e  mechanisms 
a re  n o t  a b l e  t o  compensate f o r  t h e  d e c l i n i n g  f u n c t i o n .  A f t e r  t h i s  p o i n t  i s  
reached, s u b j e c t s  may develop d i z z i n e s s  and e q u i l i b r i u m  c o n t r o l  complaints,  
o r  perhaps i n d i v i d u a l s  w i l l  r e s t r i c t  t h e i r  a c t i v i t i e s  so as t o  a v o i d  
s i t u a t i o n s  which s t r e s s  t h e i r  remain ing  c a p a b i l i t i e s .  A l o n g i t u d i n a l  r a t h e r  
than  a c r o s s - s e c t i o n a l  study would be r e q u i r e d  t o  t e s t  t h i s  hypothesis.  

The ag ing  process does n o t  have a u n i f o r m  e f f e c t  on t h e  r e f l e x  components 
i n v o l v e d  i n  gaze s t a b i l i z a t i o n  d u r i n g  head movement. The o p t o k i n e t i c  system 
presents  t h e  most complex p i c t u r e  w i t h  d i f f e r e n t  parameters o f  t h e  r e f l e x  
showing d i f f e r e n t  p a t t e r n s  o f  change w i t h  age. The VOR changed r e l a t i v e l y  
l i t t l e  w i t h  age. Th is  r e l a t i v e  constancy was probab ly  c o n f e r r e d  by c e n t r a l  
adap t i ve  mechanisms c o r r e c t i n g  f o r  d e c l i n i n g  p e r i p h e r a l  v e s t i b u l a r  f u n c t i o n .  
However c e n t r a l  adap t i ve  mechanisms cannot s u s t a i n  VOR f u n c t i o n  i n d e f i n i t e l y  
i n  t h e  face  o f  an i n c r e a s i n g  l o s s  o f  p e r i p h e r a l  r e c e p t o r s  and neura l  
subs t ra te .  It w i l l  be impor tan t  t o  extend t h e  age l i m i t  o f  ou r  study t o  t h e  
e i g h t h  and n i n t h  decades, and t o  e x p l o r e  l a r g e r  amp l i t ude  and h i g h e r  
f requency s t i m u l i  which more n e a r l y  resemble n a t u r a l  head mot ion  i n  o rder  t o  
f i n d  t h e  p o i n t  a t  which p h y s i o l o g i c a l  f u n c t i o n  begins t o  f o l l o w  t h e  
anatomical  d e c l i n e .  Th is  p o i n t  w i l l  d e f i n e  t h e  e f f e c t i v e  f u n c t i o n a l  rese rve  
o f  t h e  c e n t r a l  adap t i ve  mechanisms. 
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Table 1. VOR response parameters for s ingle  s l l l e  s t imuli .  VOR pllase i s  in 
degrees, bias in deg/s ,  o f fse t  i n  deg/s,  and asymmetry i n  percent. Seven 
percentile values on the d is t r ibu t ions  of the parameters are  given. 

Frequency = 0.05 Hz, N = 208 

Mean 
Gain Phase 
0.68 10.5 

S. D. 0.15 4.85 

2.5Xt i l  e 0.39 0.94 
5% 0.44 2.47 
25% 0.58 7.54 
50% 0.67 10.27 
75% 0.78 13.41 
95% 0.96 18.10 
97.5% 1.02 19.19 

Frequency = 0.2 Hz, N = 208 

Mean 0.75 1.62 
S. D. 0.16 3.17 

2.5% 0.40 -4.27 
5% 0.51 -3.58 
25% 0.65 -0.36 
50% 0.75 1.96 
7 5% 0.85 3.97 
95% 0.99 5.95 
97.5% 1.02 6.39 

Frequency = 0.8 Hz, N = 204 

Mean 0.84 0.79 
S. D. 0.13 2.59 

2.5% 0.59 -3.95 
5% 0.62 -3.07 
25% 0.76 -0.59 
5 0% 0.84 0.74 
7 5% 0.93 2.05 
95% 1.06 5.38 
97.5% 1.07 6.99 

Bias 
-0.44 
3.56 

-8.21 
-6.34 
-2.55 
-0.36 
1.89 
5.00 
6.73 

-0.62 
2.91 

-6.58 
-5.70 
-2.46 
-0.65 
1.32 
4.32 
4.88 

-0.28 
2.76 

-6.27 
-5.30 
-1.98 
-0.21 
1.52 
3.91 
5.14 

Offset 
T-27  
2.90 

-6.11 
-4.84 
-2.03 
-0.32 
1.46 
3.84 
6.46 

-0.35 
2.32 

-5.00 
-3.98 
-1.79 
-0.33 
1.09 
3.47 
4.49 

0.04 
3.13 

-6.78 
-5.20 
-1.62 
-0.10 
1.86 
5.45 
6.50 

%F 
7.5 

-18.8 
-15.1 
-5.7 
-0.5 
4.0 
10.8 
13.8 

-1.5 
6.6 

-14.4 
-11.7 
-5.9 
-1.5 
3.2 
9.7 
10.4 

-1.4 
5.9 

-14.6 
-11.9 
-4.0 
-1.1 
1.6 
8.5 
10.3 
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Table 2. VOR response parameters for pseudorandom st imulus.  VOR t i m e  cons tan t  
i s  i n  seconds and b i a s  i s  i n  deg/s. Seven p e r c e n t i l e  va lues  on t h e  
d i s t r u b u t i o n s  o f  t h e  parameters a r e  l i s t e d .  N = 207 sub jec ts .  

B ias - Time Constant - Gain Constant - 
Mean 0.720 
S. D. 0.156 

2.5% 0.423 
5% 0.482 
25% 0.611 
50% 0.727 
7 5% 0.814 
95% 0.974 
97.5% 1.015 

24.50 
8.56 

-0.09 ' 

2.14 

13.15 -4.96 
14.22 -3.75 
18.41 -1.34 
23.11 -0.02 
28.11 1.32 
43.59 3.18 
47.38 3.70 

Y 
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Table 3. Comparison o f  s i n g l e  s i n e  and pseudorandom g a i n  and phase r e s u l t s .  
P o s i t i v e  d i f fe rences  i n d i c a t e  t h a t  average s i n g l e  s i n e  parameter va lue was 
l a r g e r  than average pseudorandom parameter value. A * i n d i c a t e s  t h a t  t h e  
d i f fe rence was s i g n i f i c a n t  a t  P<0.05 u s i n g  a p a i r e d  v a r i a b l e  Student t t e s t  
comparison. The average d i f f e r e n c e s  l i s t e d  a r e  c o r r e c t e d  f o r  t h e  d i f f e r e n c e  i n  
t e s t  f requencies between t h e  s i n g l e  s i n e  and pseudorandom s t i m u l i .  Gain and 
phase c o r r e c t i o n s  were based on t h e  VOR t r a n s f e r  f u n c t i o n  i n  equat ion  ( 3 )  w i t h  
average t i m e  cons tan t  o f  24.5 s and g a i n  cons tan t  o f  0.72. N ' s  a r e  s m a l l e r  
than those i n  Tables 1 and 2 s i n c e  comparisons were n o t  made i f  e i t h e r  t e s t  had 
poor q u a l i t y  data.  

Average 
Parameter S i n g l e  Sine Pseudorandom D i f f e r e n c e  - N S i g n i f i c a n c e  

* 
* 

Gain 0.05 Hz 0.046 Hz -0.0106 199 
0.2 Hz 0.180 Hz 0.0185 199 
0.8 Hz 0.766 Hz 0.0951 195 

Phase 0.05 Hz 0.046 Hz -0.34 199 
0.2 Hz 0.180 Hz -3.20 199 
0.8 Hz 0.766 Hz -3.44 195 

* 
* 
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Table 4. OKR response parameters f o r  pseudorandom st imulus.  OKR t i m e  cons tan t  
and t i m e  d e l a y  a r e  i n  seconds, and b i a s  i s  i n  deg/s. Seven p e r c e n t i l e  va lues  
on t h e  d i s t r i b u t i o n s  o f  t h e  var ious  parameters a r e  l i s t e d .  N = 179 subjects .  

Bias - Time Delay - Gain Constant Time Constant - 
Mean 
S. D. 

2.5% 
5% 
25% 
50% 
7 5% 
95% 
97.5% 

0.651 
0.116 

0.403 
0.469 
0.586 
0.664 
0.721 
0.807 
0.867 

0.080 
0.080 

0.002 
0.003 
0.008 
0.063 
0.115 
0.226 
0.252 

0.180 
0.043 

0.099 
0.114 
0.147 
0.187 
0.216 
0.248 
0.253 

-0.12 
0.84 

-1.67 
-1.52 
-0.68 
-0.10 

0.32 
1.13 
1.36 
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Table 5. Age effects on VOR and OKR response parameters. All parameter values 
which showed significant or nearly significant linear trends with age are 
listed. Correlation coefficients which were significantly different from zero 
(PcO.05) are marked with a *. 

S1 ope Intercept Correl at ion 
at 0 years Coefficient N - Parameter (changelyear) -- 

Gain - 0.05 Hz 

Phase - 0.05 Hz 

VOR Gain Constant 
VOR Time Constant 
OKR Gain Constant 
OKR Time Delay 

- 0.2 HZ - 0.8 HZ 

- 0.2 HZ 
- 0.8 HZ 

-0.00295 
-0.00261 
-0.00215 

0.0289 
0.0415 
0.0498 

-0.00188 
-0.0623 s 
-0.001 53 

0.00115 s 

0.795 
0.849 
0.926 
9.32 

-0.03 
-1.22 

27.0 s 
0.794 

0.712 
0.134 s 

-0.39* 
-0.34" 
-0.33* 

0.12 
0.27* 
0.39* 

-0.24* 
-0.15" 
-0.26* 

0.53* 

208 
208 
204 
2 08 
208 
204 
207 
207 
179 
179 
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Figure Legends 

Fig. 1. Example of d a t a  f rom s i n u s o i d a l  s t i m u l u s  VOR r o t a t i o n  t e s t .  Upper 
t r a c e  shows s low phase eye v e l o c i t y  response t o  a 0.05 Hz, 60'1s peak 
v e l o c i t y  s i n u s o i d a l  r o t a t i o n a l  s t imu lus .  S o l i d  curve  t h r o u g h  t h e  d a t a  i s  t h e  
curve  f i t  t o  each cyc le .  Response gain,  phase, and b i a s  a r e  ob ta ined f rom 
these curve f i t s .  Lower l e f t  t r a c e s  show h o r i z o n t a l  eye movements evoked by 
one p e r i o d  o f  t h e  r o t a t i o n a l  s t imu lus .  S o l i d  v e r t i c a l  b a r s  under t h e  
h o r i z o n t a l  EOG t r a c e  show t h e  l o c a t i o n  o f  f a s t  phase p o r t i o n s  o f  t h e  
nystagmus i d e n t i f i e d  d u r i n g  t h e  a n a l y s i s .  Lower r i g h t  p l o t  shows slow phase 
eye v e l o c i t y  p l o t t e d  a g a i n s t  s t i m u l u s  v e l o c i t y .  The two p a r t  l i n e a r  f i t  i s  
used t o  measure response symmetry o f  VOR gain.  

Fig. 2. D i s t r i b u t i o n s  o f  VOR response parameters a t  t h r e e  d i f f e r e n t  t e s t  
f requencies.  Data a r e  p l o t t e d  as box graphs. The l i n e  th rough t h e  center  
box o f  each box graph shows t h e  median va lue  f o r  t h e  p o p u l a t i o n .  The c e n t r a l  
box encompasses 50 p e r c e n t  o f  t h e  popu la t ion ,  and t h e  e r r o r  bars  encompass 95 
percent  o f  t h e  popu la t ion .  I n d i v i d u a l  va lues below t h e  2.5 p e r c e n t i l e  and 
above t h e  97.5 p e r c e n t i l e  o f  t h e  d i s t r i b u t i o n s  a r e  p l o t t e d  separa te ly .  Bias 
and o f f s e t  parameters a r e  p l o t t e d  as p a i r s  of  box graphs, w i t h  o f f s e t  on t h e  
r i g h t  of each p a i r .  

Fig. 3. A 30 s sample o f  eye movements evoked b y  pseudorandom s t i m u l a t i o n  o f  
t h e  VOR. ( A )  shows t h e  s u b j e c t ' s  r o t a t i o n a l  v e l o c i t y ,  (B) s low phase eye 
v e l o c i t y ,  ( C )  h o r i z o n t a l  EOG, and (D) v e r t i c a l  EOG. V e r t i c a l  bars  between 
(B) and ( C )  show t h e  l o c a t i o n s  o f  f a s t  phases o f  t h e  nystagmus de tec ted  by 
t h e  computer a n a l y s i s  o f  t h e  data.  

Fig. 4. Examples o f  VOR g a i n  and phase da ta  f rom t h r e e  s u b j e c t s  d e r i v e d  f rom 
responses t o  a pseudorandom r o t a t i o n .  S o l i d  l i n e  through t h e  d a t a  show t h e  
t r a n s f e r  f u n c t i o n  curve  f i t  (equat ion  3) .  Gain and f requency scales a r e  
1 ogar i thmi  c . 
Fig. 5. Box graphs showing t h e  d i s t r i b u t i o n s  o f  VOR ga ins  and phases 
ob ta ined f rom pseudorandom r o t a t i o n s  as a f u n c t i o n  o f  f requency f o r  207 
subjects .  See F i g u r e  2 legend f o r  box graph d e s c r i p t i o n .  

Fig. 6, Histograms showing t h e  d i s t r i b u t i o n s  o f  VOR g a i n  and t i m e  cons tan ts  
es t imated  f rom curve f i t s  t o  g a i n  and phase d a t a  ob ta ined f rom pseudorandom 
r o t a t i o n  t e s t s .  

Fig. 7. Examples o f  OKR g a i n  and phase d a t a  f rom two i n d i v i d u a l s  d e r i v e d  
f rom responses t o  pseudorandom o p t o k i n e t i c  s t i m u l a t i o n .  S o l i d  l i n e s  show 
t r a n s f e r  f u n c t i o n  c u r v e  f i t s  t o  data.  Equat ions o f  t h e  c u r v e  f i t s  a r e  i n s e t .  
Gain and f requency sca les  a r e  l o g a r i t h m i c .  

Fig. 8. Popu la t ion  d i s t r i b u t i o n s  o f  OKR g a i n  cons tan t ,  t i m e  cons tan t ,  and 
t i m e  d e l a y  parameters d e r i v e d  f rom t r a n s f e r  f u n c t i o n  c u r v e  f i t s .  

Fig. 9. Data were ob ta ined 
f rom s i n u s o i d a l  r o t a t i o n a l  s t i m u l a t i o n  a t  t h r e e  d i f f e r e n t  t e s t  f requencies.  
S o l i d  curves a r e  lowess f i t s .  

VOR g a i n  and phase as a f u n c t i o n  o f  s u b j e c t  age. 
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Fig. 10. VOR g a i n  cons tan t  (A) and t i m e  constant  (B) parameters as a 
f u n c t i o n  o f  s u b j e c t  age. Parameter va lues  were es t imated  from t r a n s f e r  
f u n c t i o n  curve f i t s  t o  g a i n  and phase d a t a  obta ined f rom pseudorandom 
r o t a t i o n  t e s t  r e s u l t s .  S o l i d  curves a r e  lowess f i t s .  

Fig. 11. OKR g a i n  cons tan t  (A),  t i m e  cons tan t  ( B ) ,  and t i m e  d e l a y  (C) 
parameters as a f u n c t i o n  o f  s u b j e c t  age. Parameter va lues  were est imated 
from t r a n s f e r  f u n c t i o n  curve f i t s  t o  OKR g a i n  and phase d a t a  ob ta ined f rom 
pseudorandom r o t a t i o n  t e s t  r e s u l t s .  

Fig. 12. C a l o r i c  t e s t  peak slow phase eye v e l o c i t y  (A) and u n i l a t e r a l  
weakness ( B )  as a f u n c t i o n  o f  s u b j e c t  age. 

Sol i d  curves are  lowess f i t s .  

S o l i d  curves a r e  lowess f i t s .  

Fig. 13. Comparison of age-re la ted changes i n  VOR g a i n  and p e r i p h e r a l  
v e s t i b u l a r  anatomical  data.  The 0.8 Hz VOR g a i n  f i t  i s  t h e  same as i n  F igure  
9. A l l  cu rve  f i t s  t o  anatomic d a t a  a r e  lowess f i t s  t o  p u b l i s h e d  data.  A l l  
f i t s  a r e ' p l o t t e d  on a l i n e a r  s c a l e  normal ized t o  1.0 a t  age 30 years. The 
n o r m a l i z a t i o n  f a c t o r s  a r e  0.87 f o r  0.8 Hz VOR ga in,  6940 c r i s t a  h a i r  c e l l s ,  
17450 v e s t i b u l a r  nerve f i b e r s ,  and 18135 Scarpa's Gangl ion c e l l s .  
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Posture control responses were measured in 214 human subjects ranging in age 
from 7 to 81  years. Motor control tests measured various leg muscle EMG 
latencies in response t - d e n a r z d  backward horizontal translations 
of the support surface upon which the subjects stood. EMG latencies 
increased with increasing age. The rate at which latency increased with age 
was larger for subjects over 55 years. Sensor interaction tests measured 

proprioceptive orientation cues were a1 tered (by rotating the visual surround 
and support surface in proportion to the subject's sway) or vision eliminated 
(eyes closed) in various combinations. No age-related decline in postural 
stability was found for subjects standing on a fixed support surface with 
eyes open or closed. However, age-related declines in stability were found 
for conditions involving altered visual or proprioceptive sensory cues. 
Subjects older than about 55 years showed the largest performance decline. 
Subjects younger than about 15 years were also sensitive to alteration of 
sensory cues. On average, the older subjects were more affected by altered 
visual cues while younger subjects had difficulty with altered proprioceptive 
cues. About 30% of subjects older than 50 years fell on two or three of the 
four sensory tests with a1 tered visual and/or proprioceptive cues. There 
were two main patterns of falls. One group fell only when visual cues were 
altered but performed normally when vision was absent suggesting that this 
group relied on visual orientation cues whenever available, even though the 
visual cues conflicted with proprioceptive and/or vestibular cues. The other 
group fell when proprioceptive cues were altered and visual cues were either 
altered or absent suggesting that they were not able to use vestibular cues 
for posture control , or that their peripheral vestibular function was 
reduced. 

the magnitude of sway during six 20 secon + rials in w h i c h s u a l  and 

Key Uords: Posture - Motor Control - Aging - Humans 
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Introduction 

The automat ic c o n t r o l  o f  u p r i g h t  s tance i s  an a c t i v e  sensor imotor  feedback 
process which must keep t h e  body 's  c e n t e r  o f  g r a v i t y  over t h e  base o f  suppor t  
( t h e  f e e t ) .  Th is  process r e q u i r e s  t h a t  d e v i a t i o n s  o f  body p o s i t i o n  f rom 
u p r i g h t  must be sensed and then processed t o  i n i t i a t e  motor  commands which 
oppose t h e  i n i t i a l  d e v i a t i o n  and r e t u r n  t h e  body t o  an u p r i g h t  p o s i t i o n .  The 
v e s t i b u l a r ,  p r o p r i o c e p t i v e ,  and v i s u a l  systems are  t h e  main sources o f  
sensory i n f o r m a t i o n  on body mot ion.  However s i t u a t i o n s  commonly a r i s e  i n  
which in fo rmat ion  f rom t h e  v a r i o u s  sensory systems i s  absent, a l t e r e d ,  o r  
d i s t o r t e d  even i n  i n d i v i d u a l s  w i t h  normal sensory f u n c t i o n .  For example, 
p r o p r i o c e p t i v e  cues can be m i s l e a d i n g  when s tand ing  on a compl iant  sur face ,  
and v i s u a l  cues a r e  e l i m i n a t e d  i n  darkened rooms o r  when t h e  eyes a r e  c losed. 
I n  a d d i t i o n ,  v e s t i b u l a r  i n f o r m a t i o n  about body sway must be processed i n  a 
way which accounts f o r  t h e  p o s i t i o n  o f  t h e  head on t h e  body and i n  space 
s i n c e  t h e  p a t t e r n  o f  a c t i v i t y  generated i n  t h e  var ious  s e m i c i r c u l a r  cana ls  
and o t o l i t h  organs depends on t h e i r  o r i e n t a t i o n .  Mot ion  i n f o r m a t i o n  f rom 
these v a r i o u s  sensory systems must be combined i n  o r d e r  t o  generate motor  
c o n t r o l  s i g n a l s  f o r  t h e  a p p r o p r i a t e  muscle groups w i t h  t h e  c o r r e c t  d i r e c t i o n ,  
ampl i tude, and t im ing .  F i n a l l y  t h e  f o r c e s  generated by t h e  muscle f i b e r  
c o n t r a c t i l e  elements must a c t  through t h e  dynamic mechanical elements i n  t h e  
muscles, tendons, and j o i n t s  t o  produce mot ion which c o r r e c t s  f o r  t h e  i n i t i a l  
d e v i a t i o n  i n  body p o s i t i o n .  Posture c o n t r o l  i s  t h e r e f o r e  a complex t a s k  
r e q u i r i n g  a h i g h  degree o f  sensor imotor  i n t e g r a t i o n .  

Two genera l  methods have been used t o  s tudy human p o s t u r a l  c o n t r o l  
mechanisms. They a r e  d i s t i n g u i s h e d  m a i n l y  by t h e  t ime course o f  t h e  p o s t u r e  
c o n t r o l  responses e l i c i t e d  by t h e  v a r i o u s  exper imental  c o n d i t i o n s .  The f i r s t  
method, which we w i l l  c a l l  motor c o n t r o l  t e s t s ,  concerns p o s t u r a l  ad justments 
which occur i n  t h e  f i r s t  second f o l l o w i n g  a p e r t u r b a t i o n  o f  t h e  body. The 
second method, which we w i l l  c a l l  sensory i n t e r a c t i o n  t e s t s ,  i n v o l v e s  pos ture  
responses which occur over  tens o f  seconds t o  minutes i n  response t o  v a r i o u s  
sensory c o n d i t i o n s .  Both methods t y p i c a l l y  c o r r e l a t e  r e c o r d i n g s  o f  f o r c e s  o r  
torques exer ted  on t h e  suppor t  sur face ,  body sway angles,  c e n t e r  o f  pressure,  
and l e g  and t r u n k  muscle EMG's w i t h  v a r i o u s  exper imenta l  c o n d i t i o n s .  

Motor c o n t r o l  t e s t s  t y p i c a l l y  measure p o s t u r a l  r e a c t i o n s  t o  s h o r t  d u r a t i o n  
t r a n s l a t i o n s  o r  r o t a t i o n s  o f  t h e  s u p p o r t  sur face  (Nashner 1977; A l lum 1983; 
Diener e t  a l .  1983). Various f a c t o r s  have been shown t o  i n f l u e n c e  t h e s e  
s h o r t  te rm r e a c t i o n s ,  These f a c t o r s  i n c l u d e  suppor t  s u r f a c e  c o n d i t i o n  (Horak 
and Nashner 1986), i n i t i a l  body p o s i t i o n  (Diener  e t  a l .  1983; Moore e t  a l .  
1986) , s t i m u l u s  v e l o c i t y  and d isp lacement  amp1 i tudes (D iener  e t  a1 . 1988) , 
g a l v a n i c  s t i m u l a t i o n  (Nashner and Wolfson 1974), and a v a i l a b i l i t y  o f  v i s u a l  
(Nashner and Berthoz 1978) and p r o p r i o c e p t i v e  cues (Diener e t  a l .  1984). 

The s i m p l e s t  sensory i n t e r a c t i o n  t e s t s  c o n t r a s t  spontaneous p o s t u r a l  
movements when t h e  s u b j e c t ' s  eyes a r e  open and c losed (Murray e t  a l .  1975; 
Black e t  a l .  1982). I n  c l i n i c a l  s e t t i n g s  these a r e  r e f e r r e d  t o  as s tandard 
Romberg t e s t s .  Other exper iments have i n v e s t i g a t e d  t h e  e f f e c t s  o f  e x t e r n a l  
d is tu rbances  on posture.  These d i s t u r b a n c e s  have i n c l u d e d  a l t e r e d  v i s u a l  
sensory cues u s i n g  moving v i s u a l  f i e l d s  (Lest ienne e t  a l .  1977; Clement e t  
a l .  1985), a l t e r e d  p r o p r i o c e p t i v e  cues u s i n g  c a l f  muscle v i b r a t i o n  (Pyykko e t  
a l .  1983; Johansson e t  a l .  1988), c o m p l i a n t  sur faces (Amblard e t  a l .  1985), 
and suppor t  s u r f a c e  t r a n s l a t i o n s  (Maki e t  a l .  1987; I s h i d a  and Imai 1980), o r  
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a l t e r e d  v e s t i b u l a r  cues by changing head p o s i t i o n  (Brandt  e t  a l .  1981) o r  
ga lvan ic  s t i m u l i  (Watanabe e t  a l .  1985). Another v a r i a t i o n  a1 t e r s  
p r o p r i o c e p t i v e  and v i s u a l  mot ion  cues by r o t a t i n g  t h e  s u b j e c t ' s  v i s u a l  f i e l d  
and/or suppor t  s u r f a c e  i n  equal p r o p o r t i o n  t o  t h e  s u b j e c t ' s  own sway (Nashner 
1971; V ida l  e t  a l .  1978; Nashner e t  a l .  1982). 

The complex i ty  o f  m a i n t a i n i n g  u p r i g h t  s tance suggests t h a t  t h e r e  would be a 
g r e a t  deal  o f  f u n c t i o n a l  v a r i a b i l i t y  w i t h i n  a normal p o p u l a t i o n  as a r e s u l t  
of v a r i a t i o n s  i n  sensory system, c e n t r a l  nervous system, and biomechanical  
f u n c t i o n  i n  i n d i v i d u a l s .  I n  a d d i t i o n ,  t h e  increased inc idence o f  f a l l s  i n  
t h e  o l d e r  p o p u l a t i o n  (Sheldon 1960; O v e r s t a l l  1978; Prudham and Evans 1981; 
S i x t  and Landahl 1987) suggests t h a t  one o r  more of t h e  components r e  u i r e d  

f o r  d i f fe rences  i n  pos ture  c o n t r o l  between young and o l d  a d u l t s  have 
g e n e r a l l y  found them ( F r e g l y  e t  a l .  1973; Murray e t  a1 . 1975; W o o l l a c o t t  e t  
a l .  1986). These changes i n c l u d e  increased sway o r  f a l l s  d u r i n g  v a r i o u s  
sensory i n t e r a c t i o n  t e s t s ,  and s l i g h t l y  increased response l a t e n c i e s  i n  motor 
c o n t r o l  t e s t s .  I n  a d d i t i o n  c h i l d r e n  show developmental changes i n  p o s t u r e  
c o n t r o l  which converge t o  a d u l t  p a t t e r n s  a t  about age 10 years  (Forssberg and 
Nashner 1982; Riach and Hayes 1985). However t h e  l i m i t e d  scope o f  t h e s e  
s t u d i e s  w i t h  t h e i r  smal l  sample s i z e s  and r e s t r i c t e d  t e s t  paradigms have n o t  
c l a r i f i e d  e i t h e r  t h e  t i m e  course o r  t h e  mechanisms i n v o l v e d  i n  t h e  changes i n  
pos ture  c o n t r o l  w i t h  i n c r e a s i n g  age. We t e s t e d  a p u t a t i v e l y  normal 
p o p u l a t i o n  w i t h  a wide age d i s t r i b u t i o n  u s i n g  bo th  motor c o n t r o l  and sensory 
i n t e r a c t i o n  t e s t s .  I n  a d d i t i o n ,  v e s t i b u l o - o c u l a r  and oculomotor r e f l e x e s  
were independent ly  t e s t e d  i n  t h e  same i n d i v i d u a l s  (Peterka e t  a l .  1989) f o r  
comparison t o  p o s t u r e  c o n t r o l  responses. 

Methods (Note:  Methods s e c t i o n  should be i n  smal l  p r i n t )  

f o r  accurate p o s t u r e  c o n t r o l  degenerates w i t h  age. Studies which have 9 ooked 

Posture c o n t r o l  f u n c t i o n  was t e s t e d  i n  214 human s u b j e c t s  (90 male and 124 
female) aged 7 t o  81 years.  Ages were approx imate ly  u n i f o r m l y  d i s t r i b u t e d  
over t h e  e n t i r e  range. Tests i n c l u d e d  1 )  motor c o n t r o l  t e s t s  w i t h  s h o r t  
d u r a t i o n  fo rward  and backward h o r i z o n t a l  t r G t i m  t h e s u r f a c e  upon 
which t h e  s u b j e c t s  stood, and 2)  sensor i n t e r a c t i o n  t e s t s  which presented 
var ious  combinat ions o f  normal a n d r e d  p r o p r i o c e p t i v e  and v i s u a l  cues 
which migh t  a f f e c t  pos ture  c o n t r o l .  The h o r i z o n t a l  v e s t i b u l o - o c u l a r  and 
o p t o k i n e t i c  r e f l e x e s  were measured i n  these same s u b j e c t s  on t h e  same day, 
and a r e  r e p o r t e d  i n  a companion paper (Peterka e t  a l .  1989). 

Subjects  were r e q u i r e d  t o  meet t h e  f o l l o w i n g  c r i t e r i a :  

1. normal age-corrected a u d i t o r y  pure tone responses 
2. m i d d l e  ear r e f l e x e s  p r e s e n t  b i l a t e r a l l y  
3. normal m i d d l e  ear impedance 
4. no h i s t o r y  o f  head blows o f  s u f f i c i e n t  magnitude t o  cause 

l o s s  o f  consciousness 
5. no abnormal n e u r o l o g i c a l  f i n d i n g s  
6. normal c o r r e c t e d  v i s i o n  
7. no h i s t o r y  of use o f  o t o t o x i c  drugs 
8. no h i s t o r y  o f  d i z z i n e s s  or d i s e q u i l i b r i u m  
9. moderate o r  absent use o f  a l c o h o l  

10. no use o f  psychot rop ic  drugs '\ 
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Subjects  were n o t  excluded from t h e  p o p u l a t i o n  based on any v e s t i b u l a r ,  
oculomotor, o r  p o s t u r e  t e s t  r e s u l t s .  

Subjects  stood on a movable suppor t  s u r f a c e  surrounded i n  f r o n t  and on two 
s ides  by a v i s u a l  surround which cou ld  a l s o  move. The v i s u a l  surround was a 
box w i t h  randomly p laced 2 cm b l a c k  d o t s  on a f l a t  w h i t e  sur face.  The 
average spacing between t h e  do ts  was about 20 cm, and t h e  d i s t a n c e  f rom t h e  
s u b j e c t  t o  t h e  box was about 50 cm. Support  sur face  mot ion  was c o n t r o l l e d  by 
a h y d r a u l i c  p o s i t i o n  servo  system which cou ld  produce t o e  up and t o e  down 
r o t a t i o n s  about an a x i s  c o l l i n e a r  w i t h  t h e  s u b j e c t ' s  a n k l e  j o i n t s  and fo rward  
and backward t r a n s l a t i o n s .  V isual  surround mot ion was c o n t r o l l e d  by a 
separate h y d r a u l i c  servo system which r o t a t e d  t h e  box about t h e  ank le  j o i n t  
a x i s .  Force t ransducers  i n  t h e  suppor t  sur face  recorded f o r c e s  and to rques  
a p p l i e d  by each o f  t h e  s u b j e c t s '  legs .  The a n t e r i o r - p o s t e r i o r  ( A P )  sway 
angle (9, ) o f  each s u b j e c t  was recorded us ing  a r o d  at tached t o  a 
po ten t iometer .  The po ten t iometer  was mounted on a pos t  n e x t  t o  t h e  sub jec t .  
The end o f  t h e  r o d  r e s t e d  i n  a V-shaped h o l d e r  centered on t h e  s u b j e c t ' s  back 
a t  h i p  l e v e l .  A v o l t a g e  p r o p o r t i o n a l  t o  t h e  angular  d isp lacement  o f  t h e  
po ten t iometer  was recorded and l a t e r  t ransformed u s i n g  a p p r o p r i a t e  
t r i g o n o m e t r i c  convers ions t o  ea ( F i g u r e  1) .  A second po ten t iometer  mounted 
a t  shoulder l e v e l  recorded AP 8isp lacements a t  t h e  shoulder  i n  t h e  l a s t  65 
s u b j e c t s  tes ted .  A measure of h i p  ang le  ( 9  F igure  1 )  was c a l c u l a t e d  f rom 
AP angles measured a t  t h e  h i p  and shoulder.  %n approximate c e n t e r - o f - g r a v i t y  
AP sway angle (9 was c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  fo rmula :  cg) 

Th is  fo rmula  was d e r i v e d  assuming t h e  sub jec ts  had average body mass 
d i s t r i b u t i o n  and average p r o p o r t i o n a l  leng ths  o f  v a r i o u s  body segments 
( D i f f r i e n t  e t  a l .  1974). To t h e  e x t e n t  t h a t  t h e  var ious  s u b j e c t s  d e v i a t e d  
f rom average body c o n f i g u r a t i o n s ,  t h e  measurement of 0 would be i n  e r r o r .  
Th is  e r r o r  was probab ly  n o t  more than 10% i n  t h i s  popu?%tion. Measurements 
o f  fo rces ,  torques,  and sway angles were sampled a t  50 Hz and saved f o r  l a t e r  
analysis. 

U p r i g h t  s tance w i t h o u t  moving t h e  f e e t  can be achieved u s i n g  two d i f f e r e n t  
body mot ion  s t r a t e g i e s  (Horak and Nashner 1986). A h i p  s t r a t e g y  c o n s i s t s  o f  
Bh and 9 Subjects  can be f o r c e d  t o  use a 
h i p  s t ra@gy by ask ing  them t o  s tand on a narrow beam where ank le  muscles 
cannot e x e r t  t o r q u e  about t h e  ank le  j o i n t .  A pure ank le  s t r a t e g y  occurs when 
a l l  mot ion i s  about t h e  a n k l e  j o i n t  ( A P  sway angles measured a t  t h e  h i p  and 
shoulder  a r e  equal and 8h i s  zero) .  A l e s s  pure ank le  s t r a t e g y  occurs when 
t h e r e  i s  some mot ion  about t h e  h i p  j o i n t ,  b u t  0 and 8h a r e  i n  phase w i t h  
each o ther .  I n  o r d e r  t o  q u a n t i f y  t h e  t y p e  o f  bodymot ion ,  a s t r a t e g y  measure 
was c a l c u l a t e d  accord ing  t o  t h e  f o l  l o w i n g  formula:  

mot ions which a r e  o u t  o f  phase. 

s t r a t e g y  score = [ ( eap-Fap) (gh-qh) ]  

where t h e  bars  over  t h e  v a r i o u s  terms i n d i c a t e  t h e  average values. 
t h e  s t r a t e g y  score i s  t h e  average c ross  produc t  o f  zero-meaned 8 and 9 
c a l c u l a t e d  over  t h e  d u r a t i o n  o f  t h e  t r i a l .  

I n  words, 

The s t r a t e g y  score i s  n8cfative i b  
and €lap a r e  o u t  o f  phase, p o s i t i v e  if t h e y  a r e  i n  phase and t h e  body moves 
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l i k e  a whip, and zero when t h e  body moves l i k e  an i n v e r t e d  pendulum w i t h  no 
bending a t  t h e  wa is t .  Since t h i s  measure i s  an average over t h e  e n t i r e  
t r i a l ,  changes i n  s t r a t e g y  d u r i n g  t h e  t r i a l  would n o t  be c o r r e c t l y  
c h a r a c t e r i z e d  by t h i s  s i n g l e  measure. I n  p r a c t i c e  t h i s  was n o t  a problem 
s i n c e  t h i s  p u t a t i v e l y  normal p o p u l a t i o n  d i d  n o t  show marked s t r a t e g y  changes 
w i t h i n  t r i a l s .  

Motor Cont ro l  Tests  

Motor t e s t s  c o n s i s t e d  o f  f i v e  each o f  forward t r a n s l a t i o n s ,  t o e  down 
r o t a t i o n s ,  backward t r a n s l a t i o n s ,  and t o e  up r o t a t i o n s  o f  t h e  suppor t  s u r f a c e  
on which t h e  s u b j e c t  stood w i t h  eyes open v iewing  t h e  s t a t i o n a r y  v i s u a l  
surround. Ramp t r a n s l a t i o n s  were 3 cm i n  0.25 s and r o t a t i o n s  were 5’ i n  
0.25 s .  The suppor t  sur face  r e t u r n e d  s l o w l y  t o  t h e  c e n t e r  p o s i t i o n  f o l l o w i n g  
each mot ion  and t h e r e  was a v a r i a b l e  d e l a y  averaging 4 s between s t i m u l i .  I n  
a d d i t i o n  t o  t h e  fo rces ,  torques, and sways descr ibed above, f o u r  EMG’s were 
recorded f rom t h e  l e f t  l e g  u s i n g  s u r f a c e  e l e c t r o d e s  over  t h e  gastrocnemius 
( G ) ,  t i b i a l i s  a n t e r i o r  ( T ) ,  hamst r ing  (H), and quadr iceps (Q)  muscles. EMG’s 
were r e c t i f i e d ,  low pass f i l t e r e d  a t  20 Hz, and sampled a t  500 Hz. The 
l a t e n c y  t o  t h e  onset  o f  t h e  r e f l e x  EMG b u r s t s  were es t imated  f rom average EMG 
t r a c e s  and were re fe renced t o  t h e  beg inn ing  o f  suppor t  sur face  mot ions. 
Onset t imes es t imated  i n  t h i s  way were probab ly  b iased toward t h e  s h o r t e s t  
onset t i m e  o f  t h e  f i v e  i n d i v i d u a l  t r i a l s .  Latenc ies were recorded f rom 
averaged t r a c e s  o n l y  i f  t h e  EMG onset  t imes cou ld  unambiguously be separated 
from background a c t i v i t y .  Only responses t o  t r a n s l a t i o n s  a r e  r e p o r t e d  i n  
t h i s  paper. 

Sensory I n t e r a c t i o n  Tests 

The sensory t e s t s  p rov ided a f u n c t i o n a l  e v a l u a t i o n  o f  t h e  a b i l i t y  o f  s u b j e c t s  
t o  e f f e c t i v e l y  use v e s t i b u l a r ,  p r o p r i o c e p t i v e ,  and v i s u a l  i n f o r m a t i o n  i n  t h e  
c o n t r o l  o f  t h e i r  u p r i g h t  pos ture  (Nashner e t  a l .  1982). The s u b j e c t s ’  t a s k  
was t o  m a i n t a i n  an u p r i g h t  stance f o r  21 seconds w i t h  as l i t t l e  p o s t u r a l  sway 
as p o s s i b l e  w h i l e  they  were presented w i t h  s i x  d i f f e r e n t  sensory c o n d i t i o n s .  

Cond i t ions  1 and 2 r e q u i r e d  t h e  s u b j e c t s  t o  s tand on a s t a b l e  sur face  f o r  21 
seconds f a c i n g  an e a r t h - f i x e d  v i s u a l  f i e l d  w i t h  eyes open and then wi th  eyes 
closed. The remain ing  four  c o n d i t i o n s  p laced t h e  s u b j e c t  i n  more demanding 
sensory environments.  These environments were c rea ted  by r o t a t i n g  t h e  v i s u a l  
f i e l d  and/or t h e  suppor t  sur face  i n  equal  p r o p o r t i o n  t o  ea For example, as 
t h e  s u b j e c t  swayed forward, t h e  v i s u a l  f i e l d  r o t a t e d  f o x a r d  about an a x i s  
through t h e  a n k l e  j o i n t .  Under t h i s  c o n d i t i o n  t h e  s u b j e c t  saw l i t t l e  o r  no 
change i n  o r i e n t a t i o n  of t h e  v i s u a l  f i e l d  w i t h  respec t  t o  h i m s e l f .  Th is  i s  
r e f e r r e d  t o  as sway-referenced v i s i o n  as opposed t o  t h e  ear th - re fe renced 
v i s i o n  i n  c o n d i t i o n  1. The same -que was a p p l i e d  t o  t h e  suppor t  sur face 
by r o t a t i n g  i t  about t h e  ank le  j o i n t  i n  p r o p o r t i o n  €la . T h i s  sway-referenced 
sup o r t  c o n d i t i o n  r e s u l t e d  i n  l i t t l e  o r  no change i n  b k l e  j o i n t  angle as 

swayed forward and back and t h e r e f o r e  a l t e r e d  t h e  ank le  jotn”; 
p r o p r i o c e p t i v e  cues c o n t r i b u t i n g  t o  p o s t u r e  c o n t r o l .  The e n t i r e  sensory t e s t  
sequence i n c l u d e d  a1 1 s i x  combinat ions o f  eyes c losed , sway-referenced , and 
ear th - re fe renced v i s i o n  and suppor t  s u r f a c e  c o n d i t i o n s  g i v e n  i n  Table 1. 

Sway angles were q u a n t i f i e d  by two measures: average r e c t i f i e d  sway and 
peak-to-peak sway. Both measures were c a l c u l a t e d  over t h e  f i n a l  20 seconds 
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of t h e  21 second t r i a l s .  The v i s u a l  f i e l d  and suppor t  s u r f a c e  were always 
ear th- referenced d u r i n g  t h e  f i r s t  second o f  each t r i a l .  The sway d a t a  was 
normal ized by s u b t r a c t i n g  t h e  average sway values recorded i n  t h e  f i r s t  
second f rom t h e  e n t i r e  sway record.  Average r e c t i f i e d  sway o f t e n  d i d  n o t  
r e f l e c t  how c l o s e  a g iven i n d i v i d u a l  was t o  a f a l l  s ince,  f o r  example, a 
s u b j e c t  who leaned forward by a few degrees and stayed i n  t h a t  p o s i t i o n  
throughout  t h e  remainder o f  t h e  t r i a l  c o u l d  score t h e  same as a s u b j e c t  who 
o s c i l l a t e d  back and f o r t h  d u r i n g  t h e  t r i a l  w i t h  t h e  peak o f  t h e  o s c i l l a t i o n s  
be ing  c l o s e  t o  t h e  t h r e s h o l d  o f  a f a l l .  Therefore a measure o f  peak-to-peak 
sway was a l s o  used t o  c h a r a c t e r i z e  performance. 

I n  o rder  t o  v i s u a l i z e  t rends  i n  v a r i o u s  s c a t t e r p l o t s ,  a r o b u s t  l o c a l l y  
weighted r e g r e s s i o n  a n a l y s i s  ( lowess f i t )  was used t o  smooth t h e  s c a t t e r p l o t s  
(Cleveland 1979, 1985). A lowess smoothing parameter o f  0.5 and i t e r a t i o n  
parameter o f  2 were used on a l l  d a t a  sets .  

Results 

Motor Cont ro l  Tests  

The p a t t e r n  o f  E M G  responses t o  r a p i d  forward and backward t r a n s l a t i o n s  o f  
the  suppor t  s u r f a c e  have been d e s c r i b e d  p r e v i o u s l y  (Nashner 1977). D i s t a l  
l e g  muscle a c t i v a t i o n  g e n e r a l l y  precedes prox imal  l e g  muscle a c t i v a t i o n .  For 
example, backward suppor t  sur face  t r a n s l a t i o n s  r e s u l t  i n  forward body sway. 
E M G  responses f rom t h e  gastrocnemius muscle group on t h e  back o f  t h e  l e g  
begin about 90 ms a f t e r  t h e  s t a r t  o f  t h e  t r a n s l a t i o n .  The hamstr ing E M G  
begins about 20-30 ms a f t e r  t h e  gastrocnemius. A s i m i l a r  p a t t e r n  o f  muscle 
a c t i v i t y  occurs f o r  forward t r a n s l a t i o n s  w i t h  t h e  t i b i a l i s  E M G  b e g i n n i n g  
about 90 ms a f t e r  t h e  s t a r t  o f  t h e  t r a n s l a t i o n .  The s t a r t  o f  t h e  quadr iceps 
E M G  t y p i c a l l y  f o l l o w s  t h e  onset o f  t i b i a l i s  EMG by about 20 ms. 

Figure  2 shows a t y p i c a l  E M G  response p a t t e r n  f o r  one t y p i c a l  sub jec t .  
Because o f  t h e  response v a r i a b i l i t y  i t  was o f t e n  d i f f i c u l t  t o  judge t h e  E M G  
onset f rom a s i n g l e  t r i a l .  There fore  E M G  l a t e n c i e s  were measured f rom E M G  
responses averaged over 5 t r i a l s .  The p o p u l a t i o n  d i s t r i b u t i o n s  o f  E M G  onset  
t i m e s  were f a i r l y  symmetric w i t h  means o f  90 ms (12.7 ms s.d.) and 119 ms 
(21.6 ms s . d . )  f o r  G and H d u r i n g  backward t r a n s l a t i o n s ,  and 89 ms (12.8 ms 
s.d.) and 105 ms (21.6 ms s.d.) f o r  T and Q d u r i n g  fo rward  t r a n s l a t i o n s .  
These va lues a r e  s i m i l a r  t o  those r e p o r t e d  by Horak and Nashner (1986) who 
used s i m i l a r  s t i m u l u s  cond i t ions .  

The p l o t s  o f  G versus H and T versus Q onset  t imes i n  F i g u r e  3 i n d i c a t e s  t h a t  
t h e r e  i s  a g r e a t  dea l  o f  i n d i v i d u a l  v a r i a b i l i t y  i n  t h e  d e l a y  between prox ima l  
and d i s t a l  muscles onsets. The lowess f i t  t o  t h e  G and H de lays i s  r o u g h l y  
p a r a l l e l  t o  b u t  o f f s e t  f rom t h e  l i n e  o f  equal H and G onset t imes (dashed 
l i n e ) .  T h i s  i n d i c a t e s  t h a t  on average t h e  de lay  between G and H i s  s i m p l y  a 
cons tan t  o f  about 30 ms which i s  independent o f  t h e  G onset va lue.  I n  
c o n t r a s t  t h e  lowess fit t o  t h e  T and Q de lays  i s  s loped i n  toward t h e  l i n e  of 
equal T and Q onset  t imes. Th is  i n d i c a t e s  t h a t  on average s u b j e c t s  w i t h  
l a r g e r  T onset  t imes w i l l  have a s h o r t e r  d e l a y  between t h e  s t a r t  o f  t h e  T and 
t h e  s t a r t  o f  t h e  Q muscle b u r s t s  than s u b j e c t s  w i t h  a s h o r t e r  T onset  t ime.  
L inear  c o r r e l a t i o n  c o e f f i c i e n t s  were r=0.555 and 0.282 f o r  H versus G and Q 
versus T, r e s p e c t i v e l y .  
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Age-Related Changes i n  Motor Test Resu l ts  

With t h e  except ion  o f  t h e  Q muscle, EMG onset  t imes g e n e r a l l y  increased w i t h  
i n c r e a s i n g  s u b j e c t  age ( F i g u r e  4) .  L i n e a r  f i t s  t o  t h e  d a t a  showed t h a t  t h e  
r a t e  o f  change o f  EMG onset  t imes w i t h  age were 0.28, 0.50, 0.16, and -0.02 
ms/year w i t h  l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s  o f  r=0.444, 0.433, 0.259, and 
-0.022 f o r  G, H, T, and Q r e s p e c t i v e l y .  However t h e  lowess f i t s  t o  t h e  G, T, 
and H EMG onset t imes suggested t h a t  t h e r e  may be an i n f l e c t i o n  p o i n t  a t  
about age 55 w i t h  a l a r g e r  r a t e  o f  change f o r  sub jec ts  o l d e r  than 55 years.  
To compare t h e  r a t e s  f o r  younger and o l d e r  sub jec ts ,  two p a r t  l i n e a r  f i t s  
were made t o  G, H, and T onset t imes f o r  s u b j e c t s  younger and o l d e r  than 55 
years  w i t h  t h e  c o n s t r a i n t  t h a t  t h e  two l i n e a r  f i t s  i n t e r s e c t  a t  age 55 years. 
The slopes were 0.26, 0.45, and 0.09 mslyear  f o r  younger s u b j e c t s ,  and 0.37, 
0.67, and 0.48 ms/year f o r  t h e  o l d e r  s u b j e c t s  f o r  G, H, and T r e s p e c t i v e l y .  
Therefore these two p a r t  l i n e a r  f i t s  r e v e a l  t h e  same t r e n d  as t h e  lowess 
f i t s .  The s lowing  of  motor responses w i t h  i n c r e a s i n g  age was most ev ident  i n  
t h e  T responses where t h e  r a t e  o f  change o f  T onset t imes w i t h  age was more 
than 5 t imes l a r g e r  i n  t h e  o l d e r  group. 

The d i f f e r e n c e  between t h e  EMG onset  t imes f o r  t h e  H and G muscles (H-G) 
d u r i n g  backward t r a n s l a t i o n s ,  and between Q and T muscles (Q-T) d u r i n g  
forward t r a n s l a t i o n s  i s  p l o t t e d  as a f u n c t i o n  o f  s u b j e c t  age i n  F igure  5. 
There was a s l i g h t  inc rease i n  t h e  H-G de lay  w i t h  i n c r e a s i n g  age (0.17 
mslyear w i t h  r=0.185). For t h e  Q-T de lay ,  s u b j e c t s  younger than about 17 
years tended t o  have l a r g e r  Q-T de lays  (mean 26.8 ms +/ -  20.2 s.d.) than 
sub jec ts  o l d e r  than 17 years  (mean 13 ms +/ -  23.9 s.d.). The d i f f e r e n c e  i n  
mean Q-T onset  between these two groups i s  s i g n i f i c a n t  (PcO.05). Among t h e  
o l d e r  sub jec ts ,  t h e r e  was no tendency toward i n c r e a s i n g  Q-T de lay  w i t h  
i n c r e a s i n g  age. Note a l s o  t h a t  Q EMG onset  preceded T onset  i n  25% o f  t h e  
sub jec ts .  T h i s  may be r e l a t e d  t o  i n i t i a l  knee p o s i t i o n  which was n o t  
c a r e f u l l y  c o n t r o l l e d .  For example, i f  t h e  knees o f  some s u b j e c t s  were 
s l i g h t l y  f l e x e d  p r i o r  t o  t h e  t r a n s l a t i o n ,  an e a r l y  Q c o n t r a c t i o n  would 
hyperextend t h e  knee and p u l l  t h e  lower  p a r t  o f  t h e  t r u n k  s l i g h t l y  forward. 
A p rev ious  s tudy  ( W o o l l a c o t t  e t  a l .  1986) a l s o  noted t h a t  some s u b j e c t s  had 
reversed Q-T t i m i n g .  However, i n  t h a t  s tudy t h e  r e v e r s a l  was o n l y  found i n  
their older subjects. Figure  5 shows t h a t  4-T r e v e r s a l  occur red  across t h e  
e n t i r e  age r a n g e , . a l t h o u g h  t h e r e  was a s l i g h t l y  l a r g e r  i n c i d e n c e  i n  older 
sub jec ts .  

Sensory I n t e r a c t i o n  Tests 

As v i s u a l  and p r o p r i o c e p t i v e  sensory i n f o r m a t i o n  was removed o r  made 
i n a c c u r a t e  d u r i n g  t h e  v a r i o u s  sensory t e s t  c o n d i t i o n s  , s u b j e c t s  became l e s s  
s t a b l e  (Table 2) and f a l l s  became more l i k e l y .  F igure  6 shows r e s u l t s  f rom 
t h r e e  s u b j e c t s  who were a t t e m p t i n g  t o  s tand as s t i l l  as p o s s i b l e  d u r i n g  t h e  
s i x  d i f f e r e n t  sensory c o n d i t i o n s .  Sub jec t  A was t y p i c a l  o f  most o f  t h e  
popu la t ion  who d i d  n o t  f a l l  i n  any c o n d i t i o n  and whose sway ampl i tudes 
increased as t h e y  were depr ived  of sensory o r i e n t a t i o n  r e f e r e n c e  in fo rmat ion .  
Subject  B showed average amounts o f  sway i n  c o n d i t i o n s  1, 2, 4, and 5 b u t  
f e l l  i n  c o n d i t i o n s  3 and 6 which b o t h  i n v o l v e d  sway-referenced v i s i o n .  Both 
f a l l s  were b a l l i s t i c  s i n c e  t h e  s u b j e c t  a p p a r e n t l y  d i d  n o t  a t tempt  t o  c o r r e c t  
t h e  sway t r a j e c t o r y .  Subject  C showed average sway i n  c o n d i t i o n s  1 through 4 
b u t  f e l l  i n  5 and 6, i n  which b o t h  p r o p r i o c e p t i v e  and v i s u a l  sensory s i g n a l s  
a r e  a l t e r e d  o r  absent. 
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A l l  s u b j e c t s  were very  s t a b l e ,  as judged by t h e i r  peak-to-peak Oap ( F i g u r e  
7 ) ,  w i t h  eyes open on a s t a b l e  sur face,  and w i t h  eyes c losed on a s t a b l e  
sur face  ( c o n d i t i o n s  1 and 2) .  These c o n d i t i o n s  a r e  e q u i v a l e n t  t o  t h e  
c l i n i c a l  Standard Romberg t e s t  (B lack  e t  a l .  1982). No sub jec ts  f e l l  i n  
c o n d i t i o n s  1 and 2. Postura l  s t a b i l i t y  decreased i n  c o n d i t i o n  3 when t h e  
v i s u a l  surround r o t a t i o n  was re fe renced t o  t h e  s u b j e c t ' s  sway. The median o f  
t h e  c o n d i t i o n  3 sway d i s t r i b u t i o n  i n  F i g u r e  7 was o n l y  about one degree 
h i g h e r  than c o n d i t i o n  2 i n d i c a t i n g  t h a t  most s u b j e c t s  had o n l y  s l i g h t l y  more 
d i f f i c u l t y  c o n t r o l l i n g  t h e i r  p o s t u r e  under t h e  sway-referenced v i s i o n  
c o n d i t i o n  than w i t h  eyes closed. However, t h e  c o n d i t i o n  3 d i s t r i b u t i o n  i s  
h i g h l y  skewed toward l a r g e r  sway ampl i tudes i n d i c a t i n g  t h a t  a s i g n i f i c a n t  
f r a c t i o n  o f  t h e  p o p u l a t i o n  had a g r e a t  dea l  o f  d i f f i c u l t y  m a i n t a i n i n g  t h e i r  
u p r i g h t  p o s t u r e  when v i s u a l  o r i e n t a t i o n  i n f o r m a t i o n  was present  b u t  
inaccura te .  I n  a d d i t i o n ,  30 o f  214 s u b j e c t s  (14.0%) f e l l  on t h e  c o n d i t i o n  3. 

The c o n d i t i o n  4 p r o v i d e d  accura te  v i s u a l  cues b u t  i n a c c u r a t e  p r o p r i o c e p t i v e  
cues as t h e  suppor t  sur face  upon which t h e  s u b j e c t  s tood r o t a t e d  i n  
P r o p o r t i o n  t o  t h e i r  gap sway. On average sub 'ec ts  swayed more under t h i s  
c o n d i t i o n  than d u r i n g  c o n d i t i o n s  1 and 2.  ! h i s  d i s t r i b u t i o n  was skewed 
toward l a r g e r  sway angles i n  a s i m i l a r  manner t o  t h e  c o n d i t i o n  .3 
d i s t r i b u t i o n .  However s u b j e c t s  on average were more s t a b l e  i n  c o n d i t i o n  4 
than i n  t h e  sway-referenced v i s i o n  c o n d i t i o n  s i n c e  o n l y  t h r e e  s u b j e c t s  o u t  o f  
214 (1.4%) f e l l  i n  c o n d i t i o n  4. 

V isual  cues i n  c o n d i t i o n  5 were absent (eyes c losed)  and p r o p r i o c e p t i v e  cues 
were i n a c c u r a t e  s i n c e  t h e  suppor t  s u r f a c e  was sway-referenced. T h i s  
c o n d i t i o n  presumably f o r c e s  a g r e a t e r  r e l i a n c e  on v e s t i b u l a r  cues f o r  p o s t u r e  
c o n t r o l .  Average Peak-to-Peak 0 was l a r g e r  than on any o f  t h e  p r e v i o u s  
c o n d i t i o n s  and was a l s o  skewed t8Rard l a r g e r  values. Twenty e i g h t  o f  214 
s u b j e c t s  (13.1%) f e l l  on t h i s  c o n d i t i o n .  

C o n d i t i o n  6 was t h e  most d i f f i c u l t  o f  t h e  s i x  c o n d i t i o n s .  Under t h i s  
c o n d i t i o n  bo th  t h e  v i s u a l  surround and t h e  suppor t  sur face  were 
sway-referenced and t h e r e f o r e  were p r o v i d i n g  i n a c c u r a t e  p r o p r i o c e p t i v e  and 
v i s u a l  o r i e n t a t i o n  cues. As w i t h  c o n d i t i o n  5, t h i s  c o n d i t i o n  f o r c e d  a 
g r e a t e r  r e l i a n c e  on v e s t i b u l a r  cues for p o s t u r e  c o n t r o l .  However t h e  
presence o f  i n a c c u r a t e  v i s u a l  o r i e n t a t i o n  cues i n  c o n d i t i o n  6 - ( a s  opposed t o  
absent v i s i o n  i n  c o n d i t i o n  5 )  a p p a r e n t l y  increased t h e  d i f f i c u l t y  o f  t h e  
task .  The average sway f o r  s u b j e c t s  who completed c o n d i t i o n  6 was l a r g e r  
than on any o t h e r  c o n d i t i o n s ,  and 70 o f  214 s u b j e c t s  (32.7%) f e l l .  

Movement S t r a t e g y  d u r i n g  Sensory Tests  

The 65 s u b j e c t s  whose body mot ions were measured a t  b o t h  t h e  h i p  and shoulder  
were t h e  o l d e r  p o r t i o n  o f  t h e  e n t i r e  p o p u l a t i o n  w i t h  ages r a n g i n g  f rom 27 t o  
81 years  (mean 56.2 +/- 12.5 s.d.). The use o f  an a n k l e  s t r a t e g y  was b y  f a r  
t h e  most common mode o f  posture  c o n t r o l  i n  these sub jec ts .  T h e i r  mean 
s t r a t e g y  scores were c l o s e  t o  zero and t h e  var iances o f  t h e  scores were smal l  
on a l l  s i x  c o n d i t i o n s  (Table 3). T h i s  was conf i rmed by p l o t t i n g  peak-to-peak 
BC versus peak-to-peak 0, . For pure  h i p  s t r a t e g i e s  0 and 8 should be 
r e q a t i v e l y  u n r e l a t e d  where!& a pure a n k l e  s t r a t e g y  woul ighave e l b a l  BC and 

C o r r e l a t i o n  c o e f f i c i e n t s  between peak-to-peak 0, and 8 d a t a  r%nged 
!%I 0.93 t o  0.98 f o r  t h e  s i x  c o n d i t i o n s .  Data p o i n t s  #ere t i $ R l y  c l u s t e r e d  
around t h e  l i n e  o f  equal 8 and gap. cg 
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F a l l  Pa t te rns  i n  Sensory Tests 

Table 4 summarizes t h e  d a t a  on s u b j e c t s  who f e l l  d u r i n g  one o r  more o f  t h e  
s i x  c o n d i t i o n s .  F a l l s  d u r i n g  sensory t e s t  c o n d i t i o n s  were n o t  random 
occurrences, b u t  r a t h e r  were assoc ia ted  w i t h  t h e  i n a b i l i t y  o f  some s u b j e c t s  
t o  o b t a i n  and/or  c o o r d i n a t e  t h e  sensory i n f o r m a t i o n  a v a i l a b l e  f o r  t h e  c o n t r o l  
of posture.  Consider s u b j e c t s  who f e l l  on two o f  t h e  f o u r  c o n d i t i o n s  which 
presented them w i t h  sensory c o n f l i c t  s i t u a t i o n s .  There a r e  s i x  p o s s i b l e  
combinat ions o f  p a i r e d  f a l l s  w i t h i n  t h e  group ing  o f  t h e  f o u r  more d i f f i c u l t  
c o n d i t i o n s .  I f  p a i r e d  f a l l s  occur red  randomly they  would be evenly  
d i s t r i b u t e d  across t h e  s i x  p o s s i b l e  combinat ions.  This  was c l e a r l y  n o t  t h e  
case s i n c e  t h r e e  o f  t h e  s i x  combinat ions o f  p a i r e d  f a l l s  were n o t  observed. 
That i s ,  no s u b j e c t s  f e l l  on 3-4 and 4-5 p a i r e d  c o n d i t i o n s .  Only two 
sub jec ts  f e l l  on t h e  3-5 and one on t h e  4-6 combinat ion o f  c o n d i t i o n s .  
Therefore p a i r e d  f a l l s  were p r i m a r i l y  l i m i t e d  t o  o n l y  two o f  t h e  s i x  p o s s i b l e  
p a i r e d  combinat ions w i t h  12 s u b j e c t s  f a l l i n g  on 5-6 c o n d i t i o n s  and 15 f a l l i n g  
on 3-6 c o n d i t i o n s .  

The s i x  s u b j e c t s  who f e l l  on t h r e e  c o n d i t i o n s  were a l s o  n o t  randomly 
d i s t r i b u t e d  among t h e  4 p o s s i b l e  combinat ions o f  t h e  4 sensory c o n f l i c t  
c o n d i t i o n s  taken 3 a t  a t ime. Rather a l l  s i x  s u b j e c t s  f e l l  on t h e  same s e t  
of t h r e e  c o n d i t i o n s  which was t h e  3-5-6 combinat ion.  Th is  combinat ion i s  
i n t e r e s t i n g  s i n c e  i t  combines t h e  f e a t u r e s  o f  t h e  two most common p a i r e d  
c o n d i t i o n  f a l l s ,  3-6 and 5-6. P a t i e n t s  which show t h i s  p a t t e r n  o f  f a l l s  have 
p r e v i o u s l y  been i d e n t i f i e d  (Black and Nashner 1984). These subjects ,  who 
c o n s t i t u t e d  o n l y  2.8% o f  our sub jec ts ,  cou ld  be considered t o  be q u i t e  
s e r i o u s l y  impa i red  r e l a t i v e  t o  t h e  remainder o f  t h e  p o p u l a t i o n .  Most o f  
these s u b j e c t s  were o l d e r  (aged 45, 48, 60, 66, 69, and 70 y e a r s ) .  

There was a c l e a r  l e a r n i n g  e f f e c t  when sensory t e s t s  were repeated 
immediately f o l l o w i n g  a f a l l .  T h i r t y - t h r e e  o f  t h e  131 f i r s t  t e s t  f a l l s  were 
repeated. Only 6 o f  t h e  33 s u b j e c t s  (18%) f e l l  on t h e  repeated t e s t .  The 
number o f  r e p e a t  t e s t  f a l l s  f o r  t h e  f o u r  sensory c o n d i t i o n s  where f a l l s  
occurred were 1 o f  8 f o r  c o n d i t i o n  3, 0 o f  2 f o r  c o n d i t i o n  4, 2 o f  8 f o r  
c o n d i t i o n  5, and 3 o f  15 f o r  c o n d i t i o n  6. 

There was evidence o f  v e s t i b u l o - o c u l a r  (VOR) and o p t o k i n e t i c .  r e f l e x  (OKR) 
a b n o r m a l i t i e s  i n  some sub jec ts  who f e l l  on two o r  more c o n d i t i o n s .  O f  t h e  
t h r e e  s u b j e c t s  w i t h  t h e  s h o r t e s t  VOR t i m e  cons tan ts  (Peterka e t  a l .  1989) one 
was a 5-6 f a l l e r  and two were 3-5-6 f a l l e r s .  The 5-6 f a l l e r  w i t h  a s h o r t  VOR 
t i m e  cons tan t  a l s o  had a s i g n i f i c a n t  p a r t i a l  u n i l a t e r a l  l o s s  o f  v e s t i b u l a r  
f u n c t i o n  on t h e  c a l o r i c  t e s t .  The s u b j e c t  who had t h e  l a r g e s t  OKR t i m e  d e l a y  
o f  any s u b j e c t  t e s t e d  (268 ms) was a l s o  a 5-6 f a l l e r .  Among s u b j e c t s  over  50 
years,  two o f  t h e  t h r e e  s u b j e c t s  w i t h  t h e  lowest  OKR g a i n  cons tan ts  were 
3-5-6 f a l l e r s ,  and t h e  o t h e r  was a 3-6 f a l l e r .  F i n a l l y ,  t h e  two o l d e r  
sub jec ts  w i t h  t h e  l a r g e s t  OKR t i m e  constants ,  i n d i c a t i n g  decreased 
s e n s i t i v i t y  t o  h i g h e r  f requency v i s u a l  f i e l d  mot ions,  were b o t h  3-6 f a l l e r s .  

However, VOR and OKR parameters o f  most s u b j e c t s  who f e l l  on two o r  more 
c o n d i t i o n s  were n o t  d i s t i n g u i s h a b l e  f rom those o f  s u b j e c t s  who d i d  n o t  f a l l  
o r  f e l l  on o n l y  one c o n d i t i o n .  I n  o r d e r  t o  compare t h e  inc idence o f  VOR 
a b n o r m a l i t i e s  i n  f a l l e r s  and n o n f a l l e r s ,  t h e  p o p u l a t i o n  was d i v i d e d  i n t o  two 
groups based on t h e  number o f  f a l l s .  One group c o n s i s t e d  o f  36 s u b j e c t s  who 
f e l l  i n  two o r  more d i f f e r e n t  sensory c o n d i t i o n s ,  and t h e  o t h e r  cons is ted  o f  
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178 s u b j e c t s  who d i d  n o t  f a l l ,  o r  f e l l  i n  o n l y  one c o n d i t i o n .  The p r o p o r t i o n  
o f  s u b j e c t s  who had two o r  more VOR response parameters (based on s i n u s o i d a l  
o r  pseudorandom t e s t i n g ,  see Peterka e t  a l .  1989) on t h e  f r i n g e s  o f  t h e  
parameter d i s t r i b u t i o n s  (above o r  below t h e  upper and lower  2.5 p e r c e n t i l e  
p o i n t s ,  r e s p e c t i v e l y )  were counted. The p r o p o r t i o n s  f o r  t h e  two groups were 
n e a r l y  i d e n t i c a l ,  w i t h  26.7% f o r  t h e  group w i t h  two o r  more f a l l s ,  and 27.1% 
f o r  t h e  o t h e r  group. S i m i l a r  r e s u l t s  were obta ined w i t h  OKR data,  where 
11.8% o f  t h e  group w i t h  2 o r  more f a l l s  had one o r  more OKR parameters on t h e  
f r i n g e s  o f  t h e  parameter d i s t r i b u t i o n s ,  compared t o  8.2% f o r  t h e  o t h e r  group. 

Age-Related Changes i n  Sensory Test  Resu l ts  

Genera l ly ,  t h e  number o f  f a l l s  increased w i t h  i n c r e a s i n g  age. These r e s u l t s  
a r e  summarized i n  Table 5. The i n c i d e n c e  o f  f a l l s  was lowest  f o r  midd le  aged 
s u b j e c t s  (20 t o  40 y e a r s ) .  Subjects  ages 13 t o  19 years had a h i g h  inc idence 
o f  s i n g l e  c o n d i t i o n  f a l l s  (33%) b u t  low m u l t i p l e  c o n d i t i o n  f a l l s  (11%). Wi th 
t h e  except ion  o f  c o n d i t i o n  3, peak-to-peak sway was a l s o  h i g h e r  i n  t h e  
younger as compared t o  midd le  aged s u b j e c t s  ( F i g u r e  8) .  T h i s  d i f f e r e n c e  
between younger and midd le  aged s u b j e c t s  was most e v i d e n t  i n  sensory 
c o n d i t i o n s  4-6 suggest ing  t h a t  younger s u b j e c t s  were s e n s i t i v e  t o  a l t e r a t i o n s .  
i n  p r o p r i o c e p t i v e  cues. The occurrence o f  s i n g l e  c o n d i t i o n  f a l l s  increased 
r a p i d l y  f o r  s u b j e c t s  o l d e r  than about 45 years,  a l though t h e  inc idence o f  
m u l t i p l e  c o n d i t i o n  f a l l s  remained q u i t e  s t a b l e  through t h e  50 's  b e f o r e  
showing an inc rease i n  t h e  60 t o  70 y e a r  o lds .  A p o s s i b l e  anomalous r e s u l t  
was obta ined i n  t h e  over 70 age group f o r  m u l t i p l e  f a l l s .  T h e i r  m u l t i p l e  
f a l l  r a t e  was l e s s  than t h e  f a l l  r a t e  f o r  60 t o  70 year  o l d  s u b j e c t s  and 
approx imate ly  t h e  same as f o r  s u b j e c t s  40-60 years.  Th is  may be a r e s u l t  o f  
t h e  smal l  sample s i z e  o f  t h e  over  70 age group, an e x c e p t i o n a l l y  h e a l t h y  
c o n d i t i o n  o f  t h i s  group, o r  a l t e r n a t i v e l y  an e x c e p t i o n a l l y  h i g h  f a l l  r a t e  f o r  
s u b j e c t s  i n  t h e  60-70 age group. 

The increased i n c i d e n c e  o f  f a l l s  i n  o l d e r  s u b j e c t s  i n  c o n d i t i o n s  3 and 5 was 
n o t  accompanied by a t r e n d  toward i n c r e a s i n g  peak-to-peak 0 among 
n o n - f a l l e r s  ( F i g u r e  8 ) .  Th is  i s  i n  c o n t r a s t  t o  c o n d i t i o n  6 where Bgth sway 
and f a l l s  increased w i t h  age. The t h e o r e t i c a l  l i m i t  o f  peak-to-peak sway i s  
dependent on f o o t  s i z e  and body mass d i s t r i b u t i o n  s ince  i t  i s  n o t  p o s s i b l e  t o  
s t a t i c a l l y  p o s i t i o n  t h e  body's c e n t e r  o f  g r a v i t y  o u t s i d e  o f  i t s  base o f  
suppor t .  S ince most s u b j e c t s  have a 10 t o  12 degree range o f  s t a b l e  AP sway, 
i t  seems t h a t  t h e r e  was some room f o r  t h e  n o n - f a l l i n g  p o p u l a t i o n  t o  s h i f t  
toward l a r g e r  sways i n  c o n d i t i o n s  3 and 5, and t h a t  t h i s  s h i f t  would be 
accompanied by increased f a l l s .  Al though t h e  f a l l s  increased,  t h e  
peak-to-peak sway ampl i tude o f  n o n - f a l l e r s  d i d  not .  

Discussion 

Most o f  t h e  r e s u l t s  o f  motor and sensory t e s t s  o f  p o s t u r a l  c o n t r o l  showed a 
wide range o f  what must be considered normal f u n c t i o n .  I n  s p i t e  o f  t h e  l a r g e  
var iances,  age- re la ted  changes i n  f u n c t i o n  were e v i d e n t  on many motor and 
sensory t e s t s .  For motor t e s t s ,  t h e  l a t e n c y  o f  EMG onsets  f o l l o w i n g  suppor t  
s u r f a c e  t r a n s l a t i o n s  increased w i t h  i n c r e a s i n g  age. I n  a d d i t i o n ,  t h e r e  was 
evidence t h a t  t h e  r a t e  o f  inc rease o f  EMG onset w i t h  age was l a r g e r  f o r  
s u b j e c t s  o l d e r  than about 55 years.  T h i s  increased r a t e  was most e v i d e n t  i n  
t h e  t i b i a l i s  muscle. Studies o f  muscle s t r e n g t h  i n  t h e  e l d e r l y  (Whipple e t  
a l .  1987) have a l s o  shown p r o p o r t i o n a l l y  l a r g e r  losses  i n  t i b i a l i s  s t r e n g t h  
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compared t o  other leg muscles. The loss  of strength combined w i t h  the  
slowing of the t i b i a l i s  muscle response t o  body perturbations would d imin i sh  
an ind iv idua l ' s  a b i l i t y  t o  control backward sway. 

Sensory t e s t  r e s u l t s  showed changes w i t h  age s imilar  t o  motor t e s t s ,  w i t h  
most f a l l s  occurring i n  subjects older than about 50 years.  Subjects younger 
than about 15 years had poorer performance on sensory conditions 4, 5 ,  and 6. 
Since a l te red  proprioceptive postural cues a re  common t o  these three sensory 
conditions,  th i s  suggests tha t  younger subjects r e ly  more heavily on 
proprioceptive cues than d o  middle aged adul ts .  

Age-related changes i n  posture control performance were not present i n  
subjects older than about 15 years when they were tes ted  under "normal" 
operating conditions d u r i n g  sensory tes t  conditions 1 and 2. That i s ,  when 
subjects stood on an ear th  fixed support surface w i t h  eyes open or closed, 
t h e i r  sway was small and the oldest  subjects  performed as  well as  the younger 
ones. Neither the  mean sway nor the variance of sway measures showed any 
age-related trend. This i s  i n  agreement w i t h  a study by Black e t  a l .  (1982), 
although the age range of t h e i r  population was smaller. However other 
s tudies  (Sheldon 1963; Murray e t  a l .  1975) have ident i f ied  small increases i n  
sway i n  older subjects  under s imilar  conditions. Since our select ion 
c r i t e r i a  excluded any subject w i t h  p r ior  indications of balance disorders ,  
our r e s u l t s  may be biased i n  favor of be t t e r  performing subjects .  

Subjects aged 7 t o  15 years showed increased peak-to-peak sway amplitudes on 
a l l  sensory t e s t  conditions except condition 3. The increased sway i n  
conditions 1 and 2 i s  only s l i g h t l y  larger  than i n  adul ts .  This i s  
consistent w i t h  previous r e su l t s  (Riach and Hayes 1985) who tes ted children 
aged 2 t o  15 years and Forssberg and Nashner (1982) i n  children 1 1 / 2  t o  1 0  
years. Both s tudies  show poorer sensory condition 1 posture performance i n  
the youngest children w i t h  a convergence toward adul ts  performance a t  about 
age 8 t o  10 years. Forssberg and Nashner (1982) a l so  tes ted  t h e i r  subjects  
u s i n g  sway-referenced t e s t s  ident ical  t o  conditions 3 through 6 and again 
found the poorest performance i n  the  youngest children b u t  w i t h  incomplete 
convergence t o  adul t  values by age 10 years.  Our r e s u l t s  for  condition 3 
d i f fe r  from t h e i r s  s ince the average peak-to-peak sway of our youngest 
subjects d i d  not d i f f e r  from adul t  sway values while their young subject 
performance was poorer than adult  performance. However our r e su l t s  i n  
conditions 4 through 6 agree w i t h  t h e i r s  and extend their f i n d i n g s  t o  show 
tha t  adul t  performance i s  not a t ta ined unt i l  about age 15 years under these 
sensory conditions. The only motor control t e s t  r e s u l t  which suggested a 
similar age divis ion a t  about 15 years  was the Q EMG onset time i n  response 
t o  forward support surface t rans la t ions  (Figure 4 ) .  

Since the f i r s t  two sensory tests a re  characterized by the  presence of 
multiple sensory system i n p u t s  which converge and cooperate i n  the  generation 
of appropriate and accurate posture control responses, i t  is apparent t ha t  
subjects a r e  very well adapted f o r  dealing w i t h  their environment under 
normal operating conditions. However i t  is  a l so  c l ea r  from other sensory 
t e s t  conditions t h a t  the "par ts"  which make u p  the ''whole'' a r e  subject t o  
larger va r i ab i l i t y .  This va r i ab i l i t y  i s  demonstrated by the wide range of 
postural sway t r a j e c t o r i e s  recorded under varying conditions of accurate,  
inaccurate,  and absent visual and proprioceptive cues t o  or ientat ion.  In 
some individuals there  was a complete f a i l u r e  t o  accommodate ( resu l t ing  i n  a 
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f a l l )  t o  some o f  t h e  sensory c o n d i t i o n s ,  w h i l e  i n  o t h e r  i n d i v i d u a l s  these 
same unusual sensory c o n d i t i o n s  o n l y  moderate ly  increased sway compared t o  
t h e  f i r s t  two sensory c o n d i t i o n s .  

One cou ld  specu la te  t h a t  t h e  p o s t u r e  t e s t  sequence was s imp ly  t o o  d i f f i c u l t  
and t h e r e f o r e  was o v e r l y  s e n s i t i v e  t o  minor  d e f i c i e n c i e s  i n  sensory system 
f u n c t i o n  o r  i n  neuromuscular c o n t r o l .  T h i s  conc lus ion  i s  n o t  c o n s i s t e n t  w i t h  
severa l  aspects o f  t h e  data.  F i r s t ,  t h e r e  were a l a r g e  p r o p o r t i o n  o f  
sub jec ts  i n  any age group who were a b l e  t o  per form a l l  sensory t e s t s  w i t h  
l i t t l e  o r  no d i f f i c u l t y .  Second, many s u b j e c t s  who f e l l  on sensory t e s t s  
showed no at tempt  t o  a d j u s t  t h e i r  p o s t u r e  p r i o r  t o  t h e i r  f a l l  i n d i c a t i n g  t h a t  
t h e i r  pos ture  c o n t r o l  mechanism was n o n f u n c t i o n a l  under t h e  g i v e n  sensory 
c o n d i t i o n s  f o r  a t  l e a s t  severa l  seconds. Th i rd ,  t h e  shape o f  t h e  sway 
d i s t r i b u t i o n s  i n  F i g u r e  7, f o r  c o n d i t i o n s  i n  which a s i g n i f i c a n t  number o f  
sub jec ts  f e l l  , show t h a t  t h e r e  was a s e p a r a t i o n  o f  f a l l e r s  f rom t h e  average 
performance o f  s u b j e c t s  who d i d  n o t  f a l l .  Fourth,  f a l l s  on t h e  sensory 
c o n d i t i o n s  were n o t  random events b u t  r a t h e r  occurred i n  d i s t i n c t  p a t t e r n s  
which were t h e  same p a t t e r n s  as those p r e v i o u s l y  shown i n  p a t i e n t s  s u f f e r i n g  
f rom v e s t i b u l a r  a b n o r m a l i t i e s  (Nashner e t  a l .  1982; Black e t  a l .  1983; B lack 
and Nashner 1984; B lack e t  a l .  1988). 

A more d e t a i l e d  c o n s i d e r a t i o n  o f  t h e  p a t t e r n  o f  sway and f a l l s  i n  sensory 
t e s t  c o n d i t i o n s  3, 5, and 6 suggests a t  l e a s t  two mechanisms which cou ld  lead 
t o  an increased i n c i d e n c e  o f  f a l l s  i n  t h e  o l d e r  sub jec ts .  F i r s t ,  muscle 
weakness o r  de layed responses c o u l d  reduce t h e  range o f  peak-to-peak sway 
ampl i tudes t h a t  f a l l e r s  cou ld  accommodate. A l t e r n a t i v e l y ,  t h e  f a l l e r s  on any 
g iven c o n d i t i o n  c o u l d  represent  a d i s t i n c t  subset o f  i n d i v i d u a l s  who generate 
i n c o r r e c t  o r  absent responses i n  p a r t i c u l a r  sensory environments. That i s ,  
w h i l e  most s u b j e c t s  produce a graded increase i n  sway when conf ron ted  w i t h  a 
more c h a l l e n g i n g  sensory c o n d i t i o n ,  t h e  subset o f  f a l l e r s  appeared t o  be 
unable t o  respond a t  a l l ,  o r  e l s e  responded i n a p p r o p r i a t e l y .  The second 
e x p l a n a t i o n  seems more c o n s i s t e n t  w i t h  t h e  r e s u l t s  o f  c o n d i t i o n  3. I n  t h i s  
c o n d i t i o n  t h e  peak-to-peak sway o f  most s u b j e c t s  was f a r  below t h e  presumed 
f a l l  th resho ld .  I n  c o n t r a s t ,  t h e  f i r s t  e x p l a n a t i o n  f i t s  t h e  r e s u l t s  f rom 
c o n d i t i o n  5 i n  which peak-to-peak sways were c l o s e r  t o  t h e  f a l l  th resho ld .  
Both f a c t o r s  may be p resen t  i n  c o n d i t i o n  6. That i s ,  s i n c e  s u b j e c t s  a r e  
swaying more on average i n  c o n d i t i o n  6, an increased number c o u l d  sway p a s t  
t h e i r  t h r e s h o l d  and f a l l  as t h e  f a l l  t h r e s h o l d  d e c l i n e s  w i t h  i n c r e a s i n g  age. 
I n  a d d i t i o n ,  based on t h e  r e s u l t s  i n  c o n d i t i o n  3, a subset o f  t h e  p o p u l a t i o n  
c o n s i s t i n g  m o s t l y  o f  o l d e r  s u b j e c t s  c o u l d  respond i n a p p r o p r i a t e l y  t o  t h e  
sway-referenced v i s u a l  surround c o n d i t i o n  and f a i l  t o  generate t i m e l y  pos ture  
c o r r e c t i o n s .  

The two p a i r e d  f a l l  combinat ions which produced t h e  m a j o r i t y  o f  t h e  p a i r e d  
f a l l s  can be l o g i c a l l y  assoc ia ted  w i t h  s p e c i f i c  types o f  p e r i p h e r a l  sensory 
o r  sensory i n t e g r a t i o n  problems. The 15 s u b j e c t s  who f e l l  on t h e  3-6 
c o n d i t i o n s  were h i g h l y  dependent on v i s i o n  f o r  t h e i r  o r i e n t a t i o n  re fe rence.  
These s u b j e c t s  behaved p a r a d o x i c a l l y .  The f a c t  t h a t  t h e y  d i d  n o t  f a l l  i n  
c o n d i t i o n  5 i n d i c a t e s  t h a t  t h e y  had s u f f i c i e n t  v e s t i b u l a r  f u n c t i o n  t o  
p r o p e r l y  m a i n t a i n  s t a b l e  stance u s i n g  no v i s u a l  and i n a c c u r a t e  p r o p r i o c e p t i v e  
sensory cues. However when v i s u a l  cues were present  i n  3 and 6, t h e y  chose 
t o  i g n o r e  accura te  v e s t i b u l a r  and p r o p r i o c e p t i v e  cues i n  c o n d i t i o n  3 and 
accura te  v e s t i b u l a r  cues i n  c o n d i t i o n  6 i n  f a v o r  o f  t h e  i n a c c u r a t e  v i s u a l  
re fe rence.  
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The second most common p a i r e d  f a l l  c o n d i t i o n s  ( 5  and 6)  f o r c e d  s u b j e c t s  t o  
r e l y  p r i m a r i l y  on t h e i r  v e s t i b u l a r  systems f o r  p o s t u r e  c o n t r o l  s ince  
p r o p r i o c e p t i v e  and/or v i s u a l  cues a r e  e i t h e r  absent o r  i n a c c u r a t e  i n  b o t h  
cond i t ions .  Subjects  who f e l l  on these c o n d i t i o n s  e i t h e r  had a v e s t i b u l a r  
d e f i c i t  o r  were n o t  a b l e  t o  use v e s t i b u l a r  i n f o r m a t i o n  f o r  p o s t u r a l  c o n t r o l .  
A s u b j e c t  w i t h  t o t a l  b i l a t e r a l  p e r i p h e r a l  l o s s  o f  v e s t i b u l a r  f u n c t i o n  i s  t h e  
extreme form o f  v e s t i b u l a r  d e f i c i e n c y .  P a t i e n t s  w i t h  b i l a t e r a l  l o s s  as 
judged f rom absent c a l o r i c  and r o t a t i o n  responses i n v a r i a b l y  f a l l  i n  
c o n d i t i o n s  5 and 6 (Nashner e t  a l .  1982; Black e t  a l .  1983). Since 
independent t e s t s  o f  v e r t i c a l  canal  and o t o l i t h  f u n c t i o n  (e.g. v e r t i c a l  p lane 
r o t a t i o n s  o r  o c u l a r  c o u n t e r r o l l i n g )  were n o t  performed, t h e  p o s s i b i l i t y  t h a t  
these p a i r e d  f a l l  s u b j e c t s  had absent o r  abnormal v e r t i c a l  canal  o r  o t o l i t h  
f u n c t i o n  cannot be r u l e d  out .  However i f  v e r t i c a l  canal  o r  o t o l i t h  f u n c t i o n  
were abnormal i n  these sub jec ts ,  t h e  p e r i p h e r a l  a b n o r m a l i t y  was n o t  
d i s t r i b u t e d  th roughout  t h e  e n t i r e  v e s t i b u l a r  organ s i n c e  r o t a t i o n  and c a l o r i c  
t e s t s ,  which p r i m a r i l y  s t i m u l a t e  t h e  h o r i z o n t a l  s e m i c i r c u l a r  canals,  were 
normal i n  most sub jec ts .  

The p a t t e r n  o f  f a l l s  i n  c o n d i t i o n s  5 and 6 cou ld  t h e o r e t i c a l l y  a l s o  a r i s e  
from c e n t r a l  mechanisms. The c e n t r a l  p o s t u r a l  c o n t r o l  mechanisms perform 
complex tasks  which i n c l u d e  bo th  t h e  s e l e c t i o n  o f  t h e  a p p r o p r i a t e  sensory 
o r i e n t a t i o n  r e f e r e n c e  i n  t h e  face  o f  c o n f l i c t i n g  cues f rom severa l  sensory 
systems and t h e  g e n e r a t i o n  o f  t h e  c o r r e c t  motor commands t o  t h e  muscles. It 
i s  p o s s i b l e  t h a t  p e r i p h e r a l  v e s t i b u l a r  s i g n a l s  may be normal, b u t  c e n t r a l  
mechanisms which make use o f  t h i s  i n f o r m a t i o n  a r e  f a u l t y .  The " f a u l t "  may 
have more than one source. For example, t h e  process ing  o f  t h e  sensory 
i n f o r m a t i o n  may s i m p l y  be t o o  slow, i n  which case t h e  a p p r o p r i a t e  motor 
commands never a r r i v e  a t  t h e  muscles o r  a r r i v e  t o o  l a t e  t o  p revent  a f a l l .  
A l t e r n a t i v e l y ,  t h e  c e n t r a l  process ing which must dea l  w i t h  c o n f l i c t i n g  
sensory i n f o r m a t i o n  may produce i n a p p r o p r i a t e  responses based on t h e  
a v a i l a b l e  sensory s i g n a l s .  These i n a p p r o p r i a t e  responses c o u l d  d r i v e  t h e  
system i n t o  i n s t a b i l i t y  w i t h  a r e s u l t i n g  f a l l .  

F i n a l l y ,  s u b j e c t s  w i t h  weak muscles r e l a t i v e  t o  t h e i r  body masses would be 
more s u s c e p t i b l e  t o  f a l l s  than s t r o n g e r  sub jec ts  s i n c e  t h e  lower  f o r c e s  
generated by weaker s u b j e c t s  would d i m i n i s h  t h e i r  a b i l i t y  t o  c o r r e c t  f o r  
p o s t u r a l  p e r t u r b a t i o n s .  Th is  e f f e c t  would be p a r t i c u l a r l y  Impor tan t  near t h e  
l i m i t s  of s t a b i l i t y  where maximal forces a r e  necessary t o  move t h e  s u b j e c t  
away f rom t h e  b r i n k  o f  a f a l l .  S ince c o n d i t i o n s  5 and 6 a r e  t h e  most 
d i f f i c u l t  i n  t h e  sense t h a t  they  b r i n g  s u b j e c t s  c l o s e r  t o  t h e  t h r e s h o l d  o f  a 
f a l l  than do t h e  o t h e r  f o u r  c o n d i t i o n s ,  t h e  r e l a t i v e  muscle s t r e n g t h  of 
s u b j e c t s  would be more l i k e l y  t o  p l a y  a r o l e  i n  t h e  l a s t  two c o n d i t i o n s .  

The l a r g e  number o f  f a l l s  i n  sensory t e s t  c o n d i t i o n s  probab ly  r e f l e c t s  a 
combinat ion o f  sensory system d e f i c i t s  and i n a p p r o p r i a t e  c e n t r a l  nervous 
system c o o r d i n a t i o n  o f  sensory i n f o r m a t i o n ,  There was no evidence o f  
p r o p r i o c e p t i v e  system d e f i c i t s  i n  f a l l e r s  vs. n o n - f a l l e r s  based on EMG onset 
t imes f o l l o w i n g  t r a n s l a t i o n s .  The major  source o f  medium and l o n g  l a t e n c  
EMG responses i s  p robab ly  muscle s p i n d l e s  (see Brooks 1986 f o r  a rev iew)  w i t  
l i t t l e  o r  no c o n t r i b u t i o n  f rom a n k l e  j o i n t  a f f e r e n t s  o r  s k i n  p ressure  
receptors  (Diener  e t  a l .  1984), a l though t h e r e  may be some v e s t i b u l a r  
c o n t r i b u t i o n  (A l lum 1983). However t h e r e  were a number o f  s u b j e c t s  who f e l l  
on two o r  more c o n d i t i o n s  who a l s o  had VOR and OKR response parameters which 
were on t h e  t a i l s  o f  t h e  p o p u l a t i o n  d i s t r i b u t i o n s  o f  those parameters. Since 

x 
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i t  i s  reasonable t o  assume t h a t  d i s t a n c e  f rom t h e  mean r e f l e c t s  abnormal i t y ,  
t h e r e  was a t  l e a s t  a p a r t i a l  c o r r e l a t i o n  between s u b j e c t s  w i t h  abnormal VOR 
and OKR r e s u l t s  and abnormal p o s t u r e  c o n t r o l  r e s u l t s .  The c o r r e l a t i o n  was 
n o t  p e r f e c t ,  s i n c e  most s u b j e c t s  who f e l l  on two o r  more c o n d i t i o n s  showed no 
VOR o r  OKR abnormal i t y .  There a r e  a t  l e a s t  t h r e e  p o s s i b l e  exp lanat ions  f o r  
t h e  weak c o r r e l a t i o n  between VOR and OKR a b n o r m a l i t i e s  and poor p o s t u r a l  
c o n t r o l .  F i r s t  , our VOR t e s t s  measured p r i m a r i l y  h o r i z o n t a l  canal  f u n c t i o n ,  
whereas head movements d u r i n g  p o s t u r e  t e s t i n g  p r i m a r i l y  s t i m u l a t e  v e r t i c a l  
canals and o t o l i t h s .  To t h e  e x t e n t  t h a t  a v e s t i b u l a r  abnormal i t y  c o u l d  o n l y  
a f fec t  one o r  a l i m i t e d  number o f  t h e  v e s t i b u l a r  r e c e p t o r s  i n  each ear ,  
h o r i z o n t a l  VOR and p o s t u r e  r e s u l t s  c o u l d  be d i f f e r e n t .  Second, our  OKR t e s t s  
c h a r a c t e r i z e d  t h e  o p t o k i n e t i c  r e f l e x  f o r  mot ions o f  t h e  v i s u a l  f i e l d  i n  t h e  
h o r i z o n t a l  p lane. However , t h e  v i s u a l  system c o n t r i b u t i o n  t o  pos ture  c o n t r o l  
d u r i n g  our sensory t e s t s  would be assoc ia ted  w i t h  t h e  d e t e c t i o n  o f  p i t c h  
p lane movement and w i t h  depth cues f rom t h e  d i s p a r i t y  o f  images on t h e  r e t i n a  
of each eye. P i t c h  p lane OKR and vergence c o n t r o l  responses m i g h t  be more 
h i g h l y  c o r r e l a t e d  w i t h  pos ture  c o n t r o l  d e f i c i t s .  Th i rd ,  d i f f e r e n c e s  between 
our VOR and p o s t u r e  t e s t  r e s u l t s  c o u l d  r e l a t e  t o  c e n t r a l  nervous system 
problems i n  t h e  o r g a n i z a t i o n  o f  sensory system i n t e r a c t i o n s .  That i s ,  
sensory system s i g n a l s  and v e s t i b u l o - o c u l a r  r e f l e x e s  c o u l d  be normal i n  some 
sub jec ts  w i t h  abnormal pos ture  t e s t  r e s u l t s  i f  t h e  p o s t u r a l  abnormal i t y  were 
due t o  t h e i r  i n a b i l i t y  t o  e f f e c t i v e l y  dea l  w i t h  c o n f l i c t i n g  i n f o r m a t i o n  f r o m  
v e s t i b u l a r ,  p r o p r i o c e p t i v e ,  and v i s u a l  systems. 

It would be reasonable t o  conclude t h a t  approx imate ly  10 t o  15% o f  t h i s  
screened p o p u l a t i o n  had s i g n i f i c a n t  p o s t u r e  c o n t r o l  d e f i c i t s .  The d e f i c i t s  
i n  a few s u b j e c t s  were c l e a r l y  t r a c e a b l e  t o  v e s t i b u l a r  d e f i c i t s ,  e.g. one 
s u b j e c t  w i t h  an asymptomatic u n i l a t e r a l  l o s s  o f  v e s t i b u l a r  f u n c t i o n .  Others 
had r o t a t i o n  t e s t  r e s u l t s  which were suggest ive o f  p e r i p h e r a l  v e s t i b u l a r  
problems. However s i n c e  t h e  r o l e  o f  t h e  c e n t r a l  nervous system i n  t h e  
c o o r d i n a t i o n  o f  sensory s i g n a l s  f rom m u l t i p l e  systems i s  p o o r l y  understood, 
i t  i s  n o t  p o s s i b l e  t o  r u l e  o u t  t h e  c o n t r i b u t i o n  o f  c e n t r a l  i n t e r a c t i o n  
problems as opposed t o  p e r i p h e r a l  sensory problems. It i s  apparent t h a t  
e q u i l i b r i u m  c o n t r o l  d e f i c i t s  e x i s t  i n  a p u t a t i v e l y  normal popu la t ion ,  these 
d e f i c i t s  a r e  more common i n  o l d e r  s u b j e c t s ,  b u t  a r e  n o r m a l l y  masked by t h e  
presence of redundant sources of sensory o r i e n t a t i o n  cues. I n  s u s c e p t i b l e  
sub jec ts ,  t h e  l o s s  o f  redundant i n f o r m a t i o n  can unmask t h e i r  d e f i c i t  
r e s u l t i n g  i n  a sudden l o s s  o f  p o s t u r a l  c o n t r o l .  
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Table 1 - Sensory t e s t  conditions 

TEST CONDITIONS SENSORY CONDITIONS 

Sensory Visual Support  Surface 
Condition C o n f l i c t  Reference Reference Accurate Inaccurate 

1 no earth earth v i s ,  ves t ,  p rop  
2 no eyes closed earth ves t ,  prop 
3 Yes sway ear th  ves t ,  p rop  vis 

6 Yes sway sway vest  prop,  vis 

4 Yes earth sway ves t ,  vis Prop 
5 Yes eyes closed sway vest  Prop 
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Table 2 - AP Sway Measures on Completed Sensory Test  Cond i t ions  
A l l  va lues are  i n  degrees (mean +/ -  1 s . d . )  

Cond i t ion  N - 
1 214 
2 21 4 
3 189 
4 21 3 
5 192 
6 155 

Average R e c t i f i e d  
ea,, Sway 

0.26 +/ -  0.21 
0.42 +/-  0.33 
0.68 +/-  0.57 
0.74 +/-  0.49 
1.20 +/ -  0.48 
1.32 +/- 0.53 

Peak - t o  -Peak 
ea,, Sway 

0.82 +/-  0.44 
1.25 +/- 0.58 
2.78 +/-  2.00 
2.95 +/-  1.97 
5.54 +/-  2.23 
5.75 +/-  2.12 
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Table 3 - Completed Sensory Tes t  Sway Measures for  Subjects  w i t h  

Sway Measured a t  Shoulder and Hip. 
A l l  values a r e  i n  degrees (mean +I- 1 s.d.) 

Peak -to-Pea k Peak -to-Pea k Peak -to-Peak 
C o n d i t i o n  N OaD Sway Oca Sway Oh Sway St ra tegy  Score - c 

1 65 0.75 +I- 0.32 0.72 +I- 0.34 1.41 +I- 0.56 -0.01 +I- 0.05 
2 65 1.21 +I- 0.54 1.33 +I- 0.59 1.78 +I- 0.81 0.04 +I- 0.07 
3 46 3.01 +I- 2.16 3.28 +I- 2.18 3.56 +I- 2.09 0.24 +I- 0.56 
4 65 2.41 +I- 1.20 2.22 +I- 1.15 2.96 +/-  2.10 -0.14 +/-  0.46 
5 56 5.31 +I- 2.45 5.50 +I- 2.37 5.53 +I- 3.44 0.21 +/-  1.38 
6 35 5.27 +I- 1.86 5.58 +I- 2.12 6.08 +I- 4.91 0.49 +I- 0.95 
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Table 4 - Falls on Sensory Test Conditions 

Conditions # Subjects % of Total N = 214 

1 Fall 
6 
5 
3 
4 

2 Falls 

3 Falls 
3,596 

1, 2, or 3 Falls 

36 
8 
7 
2 
57 

15 
12 
2 
1 

30 

6 

89 

16.8% 
3.7% 
3.3% 
0.9% 

2 m  

7.0% 
5.6% 
0.9% 
0.5% 
14.0% 

2.8% 

41.6% 
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Table 5 - Sensory Test Falls Sorted by Subject Age 
Single Falls Multiple Falls Total Falls 

Age Group #Subjects N % N % N % 

7 - 12 21 
13 - 19 27 
20 - 29 28 
30 - 39 32 
40 - 49 32 
50 - 59 26 
60 - 69 35 
70 and over 13 

3 
9 
4 
4 
9 
8 

10 
6 

14.3% 
33.3% 
14.3% 
12.5% 
28.1% 
30.8% 
28.6% 
46.2% 

2 9.5% 
3 11.1% 
2 7.1% 
2 6.3% 
6 18.8% 
5 19.2% 

14 40.0% 
2 15.2% 

5 23.8% 
12 44.4% 

6 21.4% 
6 18.8% 

15  46.9% 
13 50.0% 
24 68.6% 
8 61.5% 

Total 21 4 53 24.8% 36 16.8% 89 41.6% 
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Figure Legends 

Figure 1. Definition of body angles for AP sway in a sagittal plane. 

Figure 2. EMG responses of one individual to support surface translations. 
EMG responses to each of five individual trials (thin lines) and the average 
(thick line) are shown for backward translations causing forward body sway 
(left column) and forward translations causing backward body sway (right 
column). Arrows indicate the onset times (in ms) of EMG bursts following the 
start of translations. Onset times were estimated from the average EMG 
traces. 

Figure 3. Relation between EMG onset times of proximal and distal leg muscle 
responses to backward support surface translations causing forward sway (left 
plot, N=102) and forward translations causing backward sway (right plot, 
N=118). Solid lines through data are lowess fits. Dashed lines represent 
equal proximal and distal muscle EMG onset times. 

Figure 4. EMG onset times from support surface translations as a function of 
subject age. Plots are based on recordings from 163, 122, 198, and 119 
subjects for G, H, T, and Q, respectively. Solid lines through data are 
lowess fits. 

Figure 5. Differences between the EMG onset times of proximal and distal 
muscle responses to support surface translations as a function of subject 
age. Plots are based on recordings from 102 and 118 subjects for H-G and 
Q-T, respectively. Solid lines through data are lowess fits. 

Figure 6. Sensory interaction test results showing 8 sway of three 
subjects during six sensory test conditions. Subject aget’were 31, 61, and 
67 years for A, B, and C respectively. See methods section for the 
description of the sensory test conditions. 

Figure 7 .  Histograms of peak-to-peak 0 under the six different sensory 
test conditions. Gray bars to the rigt! of each histogram indicate the 
number of subjects who fell in that condition. One subject in condition 3 ,  
and 5 subjects in condition 5 had sways greater than 12’ and did not fall, 
and are not included in those histograms. 

Figure 8. Peak-to-Peak 0 as a function of age for the six sensory test 
conditions. Solid dots atapthe top of each graph indicate subjects who fell 
in that condition. Solid lines are lowess fits to the data for subjects who 
did not fall during the test. 
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